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High quality machining of difficult-to-cut materials such as Ni- and Ti-based alloys, 
tungsten carbide, glass, ceramics, hardened steels etc. is very important in current 
advanced technological applications, e.g. aerospace and turbine engine parts, precise 
die and molds, cutting tools, optical and electronic devices, etc. However, 
conventional cutting (CC) technique to machine these materials with quality finishing 
is cumbersome due to poor machinability. Nonconventional machining processes such 
as grinding, EDM, etc. are also sometimes impractical for machining these materials 
due to either one or more of the following reasons: high machining cost, inability to 
produce complex shapes, very low machining rate etc.  
 
Recently, ultrasonic vibration cutting (UVC) technique is found to be a promising 
technology for high quality machining of those intractable materials. In this study, 
two types of UVC: conventional UVC (CUVC) and ultrasonic elliptical vibration 
cutting (UEVC) techniques are studied and applied respectively to Inconel 718 and to 
sintered WC (~15% Co). The aims and findings are described as follows. 
 
In the first phase, the effects of the relevant machining parameters in CUVC method 
are theoretically investigated. Then the effects of machining parameters on CUVC 
performances are experimentally evaluated, when cutting Inconel 718 using CBN 
tools. The CUVC and the CC results are also compared under the same cutting 
conditions applied. Theoretical study reveals that the CUVC mechanism is directly 
influenced by three parameters: tool vibration frequency and amplitude and cutting 
speed. It is established that tool-workpiece contact ratio (TWCR) plays a key role in 
 x
the CUVC process where the increase in both the tool vibration parameters and the 
decrease in cutting speed reduce the TWCR, which in turn reduces both the cutting 
force and tool wear. The theoretical findings are substantiated by the experimental 
results. It is also observed that, in hard cutting, the CUVC method improves surface 
finish and prolongs tool life as compared to the CC method but at lower cutting speed.  
 
In the second phase, the UEVC method is applied to sintered WC using polycrystalline 
diamond (PCD) tools. The effects of cutting parameters and tool geometry on UEVC 
performances are investigated. The UEVC results are also compared with the CC 
results at a set of cutting conditions. The PCD tool wear mechanisms under the UEVC 
method are also analyzed. It is found that the UEVC method performs better in all 
aspects over the CC method. Average surface roughness, Ra of 0.0101 µm is achieved 
at optimized 4 µm DOC and 0.6 mm nose radius. The study suggests that PCD tools 
can be applied for ultraprecision machining of sintered WC under the UEVC method.    
 
In the last phase, theoretical relations are developed for predicting the maximum 
thickness of cut (TOCm) at a given DOC in each UEVC cycle with respect to the 
relevant machining parameters. It is found that four machining parameters: workpiece 
cutting speed, tool vibration frequency and tangential and thrust directional vibration 
amplitudes have direct influence on the TOCm. A reduced TOCm can be obtained if the 
speed ratio is at or within a critical value 0.12837. Also, when the TOCm is kept lower 
than the DOCcr, ductile finishing of brittle materials can be achieved. The established 
relationships are substantiated by experimental investigations when machining the 
sintered WC. Findings in this study confirm that ductile cutting of brittle materials can 
be achieved at a higher DOC by controlling those parameters in the UEVC technique.  
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High quality machining of difficult-to-cut materials is an important concern of the 
manufacturing industries. Among all the machining technologies, nowadays, 
ultrasonic vibration cutting (UVC) technology has received a lot of attention because 
this technique can be successfully applied to such difficult-to-cut materials. This study 
aims to apply the UVC technology to two difficult-to-cut materials: Inconel 718 and 
sintered tungsten carbide (WC) to investigate the effect of parameters on the cutting 
performances in this cutting technology. This chapter starts with a background in 
section 1.1 which describes problems and limitations of current machining 
technologies in high quality machining of difficult-to-cut materials. Then section 1.2 
presents a brief review of the UVC technology, which can overcome the difficulties in 
those cutting technologies. Section 1.3 briefly compares the cutting performances 
between three cutting methods: conventional cutting (CC), conventional UVC 
(CUVC) and ultrasonic elliptical vibration cutting (UEVC) methods. Section 1.4 
subsequently presents the motivation, scope and main objectives of this research work 
followed by final section 1.5, which outlines the organization of this dissertation. 
 
1.1 Background 
High quality machining of difficult-to-cut materials, such as WC, glass, ceramics, Ni-
and Ti-based alloys, hardened and stainless steels, etc. is one of the major concerns of 
manufacturing industries. These high performance materials possess unique physical, 
mechanical, thermal, and chemical properties and are widely used in manufacturing 
 1
 Chapter 1 Introduction 
industries, aerospace industries, chemical industries and so on. For example, they are 
used to produce tools, dies and molds, optical and electronic devices, aircraft parts, 
impact-resistant devices, nuclear reactor parts, and household devices, etc. However, 
the conventional cutting (CC) methods cannot be applied for precise machining of 
these materials (Kumabe et al., 1989; Xiao et al., 2003; Shamoto and Moriwaki, 1994; 
Suzuki et al., 2004 & 2007). In the CC methods, these intractable materials almost 
always cause machining troubles such as chatter vibration, build-up-edge (BUE), 
chipping, and unusual and faster tool wear due to their hardness, brittle fractures on 
finished surface, high mechanical and chemical strength and poor thermal 
conductivity (Liu et al., 2002; Xiao et al., 2003; Baibtsky et al., 2004; and Suzuki et 
al., 2004 & 2007) which do not fulfill the main objectives of machining processes. 
For example, camera’s guided draw-tube, a typical ultra-thin wall part, requires a 
surface roughness value of within 0.8 µm for rotating and sliding performance of the 
lens which cannot be produced by the CC methods (Gao et al., 2002). Moreover, in 
the case of light materials, the conventional diamond turning method cannot achieve 
precise surface finish (Kim and Choi, 1997). Similarly, glass and ceramics require 
secondary finishing processes such as polishing, grinding, honing and lapping for 
final finishing which increase the manufacturing time and cost and decrease the 
productivity (Shamoto et al., 1997). 
 
Alternatively, the nonconventional machining methods such as µ-EDM, chemical 
etching, laser technology, ELID grinding, USM, electrochemical machining (ECM), 
chemical-mechanical polishing, etc. can be employed for machining various difficult-
to-cut materials. However, they are not suitable for economical production because of 
extremely low machining rate and high machining cost. Moreover, µ-EDM, chemical 
etching and laser technology cannot be applied to machine high quality mirror 
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surfaces (Suzuki et al., 2007). In addition, ELID grinding, USM and polishing cannot 
be applied to achieve precise finishing with sharp edges and they have complexity in 
producing 3-D shapes (Shamoto et al., 2005 and Suzuki et al., 2007). 
 
1.2 Ultrasonic Vibration Cutting (UVC) Method 
Ultrasonic vibration cutting (UVC) technique is an emerging cutting process that has 
been increasingly applied since the 1960s. In this cutting technique, the conventional 
cutting tool is oscillated ultrasonically by means of PZTs (Voronin and Marknov, 
1960; Isaev and Anokhin, 1961; Skelton 1968 & 1969 and so on). Due to non-
continuous interaction between the tool and the workpiece, the cutting force in this 
technique gets reduced drastically, which saves tool life and improves cutting 
stability, machining accuracy, and surface finishing, etc. (Skelton 1969; Kumabe et 
al., 1984 & 1989; Kim and Choi, 1997; Shamoto and Moriwaki, 1994; Xiao et al., 
2002; Suzuki et al., 2004, Ma et al., 2004, etc.). As the final finished product can be 
produced by a single tool-workpiece setting, this cutting technique can save both the 
manufacturing time (5-10% for deburring process) and cost (~30% of the parts cost) 
which, of course, improve productivity (Ma et al., 2004). It was also explored that the 
diamond tools can be applied in the UVC technique for precise machining of stainless 
steels, hardened die steel; which are not realistic by applying the CC method due to 
the higher chemical interactions between the diamond and the iron (Moriwaki and 
Shamoto, 1991; Shamoto et al., 1997 & 1999a). Moreover, the UVC technique can 
overcome the difficulties in the conventional and the economical infeasibility in 
nonconventional machining methods as discussed above and can achieve highly 
precise surface finish of such difficult-to-cut materials (Skelton et al., 1969; Kumabe 
et al., 1979; Gao et al., 2002; Shamoto and Moriwaki, 1994; Baibitsky et al., 2002; 
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Suzuki et al., 2004 & 2007). For these reasons, the UVC technology has received 
much attention from the researchers and manufacturers among all the machining 
technologies. Nowadays, the principle of UVC technique is being incorporated into 
other machining methods, e.g. drilling, milling, grinding, µ-EDM, honing, polishing, 
etc. to derive more benefits out of it (Guo et al., 1997; Egashira et al., 2002; Gao and 
Liu, 2003; Moriwaki et al., 2004; Japitana et al., 2004 & 2005; Suzuki et al., 2006). 
 
There are two types of UVC techniques: (1) Conventional UVC (CUVC or 1-D UVC) 
and (2) Ultrasonic elliptical vibration cutting (UEVC or 2-D UVC) techniques.  
 
1.2.1 Conventional UVC (CUVC) Method 
The CUVC technique was first proposed by Voronin and Marknov (1960). Though 
three principle vibration directions may be provided in the tool tip by PZT actuators 
as seen in Fig. 1.1, only the tangential directional UVC is commonly practiced by the 
researchers. This is also simply called UVC method. However, very few researchers 
(Balamuth, 1966; Skelton, 1969; Kim and Choi, 1997; and Astachev and Babitsky, 
1998) carried out experiments on the feed directional UVC which did not show any 
significant improvement in cutting performance compared to the tangential directional 
UVC. And no study was seen in radial directional UVC technique because this 
directional vibration is not feasible for cutting materials. In this study, the tangential 
UVC has been considered as 1-D UVC or CUVC method. In the last three decades, 
the CUVC method was successfully applied to various difficult-to-cut materials by 
many researchers (Kumabe et al., 1984 & 1989; Babitsky et al., 2003 & 2004; Zhou et 
al., 2002; Kim and Choi, 1997; Gao et al., 2002; Xiao et al., 2002 and so on). In this 
method, the ultrasonic frequency (~ 20 kHz) with very small amplitude of 10-15 µm 
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is superimposed on the continuous movement of the cutting tool (Babitsky et al., 
2002). The cutting speed in the UVC technique is set lower than the maximum tool 
vibration speed so that the tool can be disengaged from the workpiece in each 
vibration cycle. Due to non-continuous contacts between the tool and workpiece, the 
cutting force in this method gets reduced by several times compared to the CC method 












Fig. 1.1 Principle vibration directions of ultrasonic vibration cutting. 
               
1.2.2 Ultrasonic Elliptical Vibration Cutting (UEVC) Method 
The UEVC or 2-D UVC method was first proposed by Shamoto and Moriwaki 
(1993). This method has been found to be a more promising cutting technology over 
both the CC and CUVC methods and competitive to the other nonconventional 
machining methods (as mentioned in section 1.1) for ultraprecision machining of such 
hard-to-cut materials. The basic principle of this cutting technique is that the tool 
vibrates in an elliptical locus in the plane formed by the cutting direction and the chip 
flow direction as shown in Fig. 1.2. Thus the tool rake can assist to pull out the chips 
away from the workpiece during its vertical motion of vibration. Also the reverse 
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friction between the tool rake and the chips during vertical motion of the tool in each 
vibration cycle reduces the cutting force and cutting energy significantly (Shamoto 
and Moriwaki, 1994 and Ma et al., 2004) which saves the tool life and improves the 
cutting performances in all aspects (Shamoto et al., 1997 & 2005). 
 
 







1.3 Comparison between the CC, CUVC and UEVC Methods 
The picture of the previous studies in the UVC method can be presented by the 
following Table 1.1. It can be concluded that the UEVC method offers the best cutting 
performance while the CUVC offers an average and the CC method offers the worst.  
 
Table 1.1 Performances comparison between the CC, CUVC and UEVC methods 
       Method 
Outputs 
CC CUVC UEVC 
Cutting force Very high Low Extensively low 
Tool wear Very high Low Very low 
Tool life Very low High Very high 
Chip thickness Large Average Very low 
Chatter or burr suppression No suppression Average  High 
Surface roundness Highly affected Reasonable Highly accurate 
Surface finish, Ra > 1 µm < 0.1 µm (rarely) < 0.1 µm 
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Nowadays, the research interests in the UEVC technique has been increasing based on 
the fundamental study and the achievements of the CUVC method. Moreover, the 
UEVC technique has so far been applied for ultraprecision cutting of high 
performance difficult-to-cut materials and hence this process is comparatively slower 
than the CUVC method (can be compared between Tables 2.1 and 2.2 in the next 
chapter). Since precise surface finishing is not required for all such intractable 
materials, the CUVC method can be considered in those cases which can overcome 
the difficulties in the CC method and also can be applied at large production rate. 
                
1.4 Motivation, Scope and Main Objectives 
Much study has been conducted on the CUVC or 1-D UVC method. Experimental 
studies indicated that the UVC method performs better at lower cutting speed and at 
both higher tool vibration frequency and amplitude. However, the relation between 
the cutting performance and the related parameters in the CUVC method has not been 
established. Moreover, the ability of CBN tool and the effect of cutting parameters on 
the cutting performance for cutting Inconel 718 by applying the CUVC method have 
not yet been studied. On the other hand, the UEVC method is comparatively new in 
the UVC technology and few studies so far have been conducted with this method. 
Therefore, many scopes are open to study in this cutting technique. This study aims to 
apply both types of the UVC to two difficult-to-cut materials, for example, Inconel 
718 and sintered WC and to investigate the effect of related cutting and vibration 
parameters, tool geometry on the cutting performances in cutting of these materials. 
The main objectives of this project are listed as follows: 
 To investigate the relation between the cutting performance and relevant 
parameters in the CUVC process theoretically,  
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 To verify the effect of those parameters experimentally in cutting of a Ni-
based alloy, Inconel 718, in terms of output parameters such as cutting force 
components, tool wear, chip formation and surface roughness. 
 To evaluate the performance of CUVC method for machining Inconel 718,  
and to compare with the CT method, 
 To investigate the effect of cutting parameters in cutting of sintered WC 
(~15% Co) using commercial PCD tools by applying the UEVC method and 
to compare the UEVC results as CC counterpart, 
 To investigate the effect of cutting geometry on cutting performance for 
machining sintered WC in the UEVC method, 
 To study the machinability of sintered WC using PCD tools by applying the 
UEVC method, 
 To characterize the PCD tool wear mechanisms in cutting of sintered carbide 
by applying the UEVC method,   
 To develop theoretical relationships between the nominal DOC and the 
maximum thickness of cut (TOCm) of material in each cycle in the UEVC 
method by incorporating the relevant machining parameters, 
 To validate the above analytical model for machining sintered WC, and 
 To analyze the important relevant parameters in the UEVC method so as to 
increase machining rate for higher productivity.     
 
1.5 Organization of This Dissertation  
This dissertation is composed of eight chapters. In this chapter, first of all, the 
problems of conventional and the feasibility of nonconventional machining methods 
for machining of difficult-to-cut materials are described. Then a brief overview of the 
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UVC technology including the CUVC and the UEVC techniques are presented. 
Comparisons of cutting performances between the CC, CUVC and UEVC methods 
are also summarized in a table. Finally, the motivation, scopes and main research 
objectives are described. This section outlines the organization of this dissertation. 
 
Chapter 2 reviews the previous research studies done on the CUVC and the UEVC 
methods while machining various difficult-to-cut materials. The tool-material 
combinations, the vibration and cutting parameters and the tool geometry considered 
for each study are provided by two tables separately for these two methods.       
 
Chapter 3 describes the experimental details for both the CUVC and the UEVC tests. 
It firstly tells about the machines, the vibrator devices and the measurement 
instruments used during experiments. Then it describes the machining set up and 
procedures for each case. 
 
Chapter 4 aims to find out the machining parameters involved in the CUVC 
mechanism and how these parameters influence the CUVC. By the theoretical 
analysis, this study introduces two key factors: tool-workpiece contact ratio (TWCR) 
and tool-workpiece relative speed (TWRS) for the CUVC mechanism. It also 
describes how the related machining parameters control the first key factor, TWCR. 
This study also evaluates whether the CUVC method can be effectively applied for 
machining Inconel 718 using CBN tools. The cutting outputs are observed in terms of 
cutting force, tool wear, chip formation and surface finish for various cutting 
conditions. The same cutting conditions are applied to the CC method as to show the 
advantages of the CUVC method over the CC method.   
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 In Chapter 5, the UEVC principle is presented in the beginning. Then the UEVC 
method is applied to sintered WC using commercial PCD tools to study the effect of 
the nominal cutting parameters and the tool geometry on the cutting outputs such as 
force components, tool wear, chip formation and surface finish. The CT method is 
also applied for a set of cutting conditions to justify the feasibility of the UEVC 
method. Analyses of the experimental results is carried out based on the theoretical 
phenomenon of the UEVC method to explain the reasons of better cutting 
performance of the UEVC over the CC method.  
 
In Chapter 6, the dominant wear mechanisms of PCD tools under the UEVC method 
are characterized while machining sintered WC. Firstly, it presents the theoretical 
aspects of the effect of speed ratio in UEVC performances. Then the UEVC 
experiments are carried out at different speed ratios as the speed ratio greatly 
influences the UEVC performances. The interrelationships between cutting 
performances are investigated and analyzed with the theoretical aspects.  
 
In Chapter 7, the theoretical relationships between the nominal DOC and the TOCm by 
incorporating the involved machining parameters for various cutting conditions in the 
UEVC method are developed. To obtain a reduced TOCm, a critical value of speed 
ratio is established. To achieve ultraprecision surface, relation between the DOCcr and 
the TOCm is also benchmarked. The established relationships are substantiated by 
experimental tests for machining the brittle material sintered WC using PCD tools.  
 
Chapter 8 concludes the thesis with a summary of main contributions. It also suggests 
the directions for future works in this research arena.     





The ultrasonic vibration assisted machining technique has been found to be a 
promising cutting technology for machining difficult-to-cut materials, like glass, 
ceramics, Ni-based and Ti-based alloys, hardened and stainless steels and composite 
materials, etc. Since the 1960s, the CUVC (1-D UVC) method has been applied to 
these materials, whereas the application of the UEVC (2-D UVC) method is relatively 
new as introduced in 1993. However, both the theoretical and the experimental 
investigations are still needed in both the methods, especially in the UEVC method. 
Moreover, deeper understanding in these two methods is necessary to apply the 
vibration assistance machining technology on the other manufacturing technologies. 
This chapter reviews the previous research studies conducted on both the CUVC and 
the UEVC methods. Section 2.1 covers the review on the CUVC method from both 
the theoretical and experimental expects and identifies the research gap in those 
studies subsequently. Section 2.2 reviews the theoretical and experimental studies 
conducted on the UEVC method. This section also identifies the research gaps 
accordingly. Finally, a conclusion is presented in section 2.3 that leads to the present 
works of this project.  
 
2.1 Review on the CUVC method 
                
Many theoretical and experimental studies on the CUVC method have been 
conducted which are summarized in Table 2.1. All the studies reported that the CUVC 
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Table 2.1 Previous studies on the CUVC method including the experimental conditions (^ Grinding; - Not mentioned; #edge radius; *Simulation 
studies)   
 
Parameters Materials 
Vibration Cutting Tool geometry 
References 
Tool Workpiece f  a  n  cv  pa  rf      sK
 
nr  
Balamuth, 1966^ Diamond Ti6Al4V, tool steel 20 ~25         
Skelton, 1969 Carbide MS 12.4 2.54 --- 12 0.76 0.13 -5 5 0 0.76 
Kumabe and Hachisuka, 
1984 
Carbide K10 CS, SS, Hard Steel 
 
19.8 24 - 6 0.01 0.030 - - - - 
Kumabe et al., 1989 Diamond Ceramics, glass 29.5 16  0.2 - - - - - - 








2 - R5 
Kim and Choi., 1997 PCD, SCD CR39 (Optical plastics) 20 13.2 - 14.4 - 0.073 0 2 - R5 




~20 10 - 50 0.50 0.25 - - - - 
Jin and Murakawa, 2001 K10  S45C, SUS304, 
SUS44B, SCM435 




- - - - 
Zhou et al., 2002 SCD Fused silica 
 
40 3 90 1.1-
4.24 
** 0.005 11 0 - 0.8 








- - - - 
















Zhao et al., 2002 PCD, Carbide SiCp/Al 20 15  11.87 0.1 0.021 - - - - 
Zhou et al., 2003 PCD (KPD010) St. steel 40 3.6 150 4.7 0.02 0.01 2 7 - 0.2 









Xiao et al., 2003 K10 SUS304, Inconel 600 
 
20 15 460 58 0.05 0.051 3 0 45 0.02-
1 
Baibitsky et al., 2003 KMH13A, 
H13A, KRH13A 
C263, Inconel 718 20 20 85-
260
20 0.8  - 7 - 0.2-
1.2 






325 0.8  - 7 - 1.2 
Mitrofanov et al., 2004* - Inconel718 20 10  - - - 10 - - - 






10 - - - 
Xiao et al., 2005 K10 S45C, SCM440 20 15 460 58 0.05 0.051 0 3 45 0.15 
Mitrofanov et al., 2005* - Inconel718 20 15 - 18.6 - 0.10 - - - - 
Mitrofanov et al., 2005* - Inconel718 20 15 - 18 - - - 7.5   
Zhou et al., 2006 SCD Fused silica 40 3  1.1-4.2 0.2e-3 0.005 0 11  0.8 
Nath et al., 2007 CBN DF2 (Low alloy steel) 19 15  50-90 0.2 0.1-0.2 10 11 60 0.4 
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compared to the CC method in all aspects such as surface roughness, roundness, 
waviness, tool life and so on. They explained that the improvements of cutting 
performances with the CUVC method are due to consequent reduction of the surface 
tearing, lower cutting force and tool wear, higher cutting stability, lower stress-strain 
and temperature distribution at the tool-workpiece interface, significant chatter 
suppression, negligible BUEs, and thinner chip formation, etc. (e.g. Skelton, 1968 
&1969; Kumabe et al., 1979, 1984 & 1989, Kim and Choi, 1997; Xiao et al., 2002; 
Babitsky et al., 2003-2004; Ma et al., 2004; Zhou et al., 2002 & 2006). 
 
2.1.1 Surface Roughness, Roundness, and Waviness  
Many studies reported that the CUVC method improves surface finish, roundness and 
waviness errors as compared to the CC method. Skelton (1969) and Kim and Choi 
(1995) reported that the roughness and waviness values in the CUVC method is 
significantly lower. Kumabe and Hachisuka (1984) achieved a roundness error of 0.4 
µm in CUVC of stainless steel (SS) with their ‘superprecision cylindrical machining’ 
set up. Similarly, Gao et al. (2002) found that the CUVC method reduced the surface 
roughness by almost 32-56%. They described that these improvements are due to the 
effective depression of the influence of friction cracks, surface plastic deformation, 
stick up, wrinkly and BUEs etc. Babitsky et al. (2003) also reported that the surface 
roughness and roundness in hard cutting materials can be improved up to 25-50% and 
25-60%, respectively, with the CUVC over the CC method. Zhang et al. (2005) also 
achieved precise surface finish (< 0.15 µm Ra) in diamond turning of Ti-alloy 
applying the CUVC method. Furthermore, Jin and Murakawa (2001) achieved the 
surface roundness of 2.5 µm with their specially developed ‘inclined UVC’ method 
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2.1.2 Cutting Force, Cutting System Stability and Tool Wear  
The improvements of surface integrities with the CUVC method are due to a lower 
cutting force, higher cutting stability, and lower tool wear as compared to that with 
the CC method. Previous studies reported that the cutting force in the CUVC method 
gets reduced by 12%-80% under the same cutting conditions; however, the 
explanations of this lower cutting force are not similar in these studies. For example, 
few researchers stated that the reduction of cutting force is mainly due to the 
reduction of friction between the tool and the workpiece (Voronin and Marknov, 
1960; Isaev and Anokhin, 1961 and Skelton, 1969). On the other hand, Kumabe and 
Hachisuka (1984) theoretically explained that the cutting force in UVC depends on 
the ratio of the tool-workpiece pulsation time to the tool vibration period.  
 
Mitrofanov et al. (2003-05) found by simulation studies that the cutting edge during 
CUVC interacts with the workpiece-chip only about 40% time of vibration period. In 
fact, this helps to eliminate the frictional heating, to have lower residual and plastic 
strains (~20%), to maintain lower cutting tip temperature (~12%), to produce thinner 
chips (~15%) and thereby to produce lower cutting force (up to 20-25%). Moreover, 
few studies also mentioned that the removal of BUEs, the consequent reduction of the 
surface tearing during vibration (Skelton, 1969), the dynamic friction at the tool-chip 
interaction instead of static friction in the CC method and aerodynamic lubrication 
(Zhou et al., 2002) are the main reasons of producing a lower cutting force in the 
CUVC method. However, in literature, no studies are found that consider the tool 
vibration parameters such as tool vibration frequency and tool vibration amplitude to 
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Various cutting force and chatter cutting models for the CUVC method were 
developed to define its dynamic cutting system stability (Lucas et al., 1996; Astashev 
and Babitsky, 1998; Jin and Murakawa, 2001; Gao et al., 2002; Xiao et al., 2002; 
Babitsky et al., 2003 & 2004; Mitrofanov et al., 2005). It was found that the CUVC 
method shows remarkably better cutting stability than the CC method as it produces 
lower cutting force. Fig. 2.1 shows how the CUVC differs from the CC system in 
terms of system stability. It was reported that the tool geometry, mainly the tool nose 
radius, in the CUVC method greatly influence the tool-workpiece chattering (Xiao et 
al., 2002 & 2003) and chipping of the cutting edge (Jin and Murakawa, 2001). 
However, the CUVC system stability may improve with the increase in the rake angle 
and decrease in the clearance angle though not significant (Xiao et al., 2002 & 2006). 
A nose radius of 0.2 mm results in better CUVC system. The work displacement 
amplitudes (a range of 10-102 µm) produced by the CC method were reduced to a 











Fig. 2.1 Experimental work displacement with 0o tool rake angle and 10o tool 
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It is known that the system instability during any cutting process causes a higher 
cutting force, unusual chipping on the cutting edge, burr formation and so on which 
result in extreme tool wear and worst surface finish. As the CUVC is more stable than 
the CC system, it can achieve longer cutting tool life (Jin and Murakawa 2001; Xiao 
et al., 2002, 2003 & 2006; Nath et al., 2007). For example, Jin and Murakawa (2001) 
observed that the tool life in the CUVC method increased 36 times over the CC 
method while machining SCM435 (40 HRC).  
 
2.1.3 Effect of Parameters in CUVC Performances 
The cutting performances in the CUVC method depend on the tool geometry, the 
cutting parameters (i.e. DOC, cutting speed and feed rate), the vibration parameters 
and the properties of tool-workpiece materials, like the CC method. Much study has 
been carried out to investigate the effect of tool geometry, the cutting parameters, and 
the tool-workpiece combinations on cutting performances in the CUVC method which 
has been summarized in Table 2.1. The effect of tool geometry on the regenerative 
chatter, cutting stability, chipping of the cutting edge and tool life have been 
described in the last section 2.1.2. The effects of cutting parameters in the CUVC 
performance are reviewed in this section.  
 
The previous studies mentioned that the CUVC method offers significantly higher 
critical depth of cut (DOCcr) over the CC method. This may be due to the consequent 
reduction of the surface tearing or overlapping passes of the cutting edge 
characteristics of the CUVC method (Skelton, 1969; Kim and Choi, 1997). Kim and 
Choi (1997) observed that the DOCcr was 2.7 µm in the CC method while that was 1.3 
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Similarly, Liu et al. (2001) also found that the DOCcr is 15.995 µm for the CUVC 
method instead 4.761 µm with the CC method, when cutting tungsten carbide using 
CBN tools. Similarly, Zhou et al. (2002) observed that the DOCcr in the CUVC 
method increased with increase in tool vibration frequency. Hence, the DOCcr is 
related to the ratio of the workpiece cutting speed to the tool vibrating speed (i.e. 
vc/vt). Thus it is realized that the cutting force and the surface finish in the CUVC 
method is smaller compared to the CC method as the CUVC method reduces the 
nominal DOC. However, they did not consider the tool vibration amplitude, a for 
calculating the tool vibration speed,  though also depends directly on a. 
Moreover, no theoretical formula was derived in that study, which could correlate the 
cutting performances and the parameters in this cutting technique. 
tv tv
 
In fact, along with the usual parameters for the CC method, additional two important 
parameters: tool vibration frequency and vibration amplitude are considered in the 
CUVC system that to help to improve cutting quality and to increase tool life by 
lowering, mainly, the cutting force and improving the dynamic cutting stability. 
However, very few studies were found in literature to investigate the effect of these 
vibration parameters on the CUVC performance. Zhang et al. (2005) reported that 
higher values of the tool vibration frequency and the vibration amplitude improve the 
surface roughness (< 0.15 µm Ra) and the tool life. Zahn et al., (2006) also observed 
that the cutting load decreased with increasing the tool vibration amplitude, though 
they did not observe any significant effect with the variation in the vibration 
frequency. However, there was no theoretical support to these findings so far. Thus 
the investigation of the effects of those two vibration parameters on the cutting 
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Previous studies also reported that the CUVC method performs better as compared to 
the CC method at lower cutting speed (Skelton, 1969; Kim and Choi, 1994, 1997 & 
1998; Jin and Murakawa, 2001; Babitsky et al., 2003; Mitrofanov et al., 2003; Ma et 
al., 2005a; Zahn et al., 2006). Skelton (1969) concluded that “Potentially useful 
reductions in cutting force are observed with ultrasonic vibration…, particularly at 
low values of cutting speed. Built-up edge effects …at low cutting speeds are no 
longer evident when the vibration is present, leading to a considerable improvement 
in the surface finish produced”.  Kim and Choi (1994) also concluded that “In 
ultrasonic-vibration cutting, the surface quality is … related strongly to the cutting 
speed and …”. Jin and Murakawa (2001) achieved better surface roughness at lower 
cutting speed. Similarly, Babitsky et al. (2003) reported that the cutting speed should 
be set smaller for the hard materials like C263 (10 – 25 m/min) and Inconel 718 (15-
25 m/min) than that of the relatively soft materials (like 230M07, ~ 90 m/min) to 
achieve the better cutting effect in the CUVC method. Moreover, the cutting tools 
failed at higher cutting speeds for the hard cutting materials. In addition, Ma et al., 
(2005a) reported that the height of burrs in CUVC decreases with the decrease in 
cutting speed. Zahn et al., (2006) also reported that cutting energy increased with 
increasing cutting velocity in the CUVC process. However, the effect of cutting speed 
on the CUVC performance is not theoretically established.      
 
2.1.4 Tool-Workpiece Combinations in the CUVC Method  
Selection of a tool-workpiece combination is an important concern in any machining 
process. For example, Kim and Choi (1997) reported that the surface machined with 
the SCD tools appear better than with the PCD tools while precise cutting of CR39 
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carbide) tools in cutting of LY12 material for all cutting conditions (Gao et al., 2002). 
Moreover, Xiao et al. (2005) found in their theoretical and experimental studies that 
the workpiece material properties such as hardness and tensile strength etc. have 
direct influence on the occurrence of regenerative chatter.      
 
Experiments conducted on various tool-workpiece combinations so far using the 
CUVC method are listed in the Table 2.1. It shows that many simulation studies on 
Inconel 718 were conducted by Mitrofanov et al. (2004 & 2005) and Babitsky et al. 
(2004 & 2005). Inconel 718, is a Ni-based superalloy, is designed to display unique 
physical, mechanical and chemical properties. It possesses exceptionally high yield 
strength, ultimate tensile strength, fracture toughness, elastic modulus, and corrosion 
resistance with outstanding weldability and excellent creep-rupture properties at 
temperatures up to 700oC (Babitsky et al., 2003).  These high-grade properties make 
the alloy causes of tool blunting, unusual tool wear, chatter vibration that resulting in 
cutting instabilities and poor machinability, for example, axial and roundness profiles, 
machining accuracy etc. (Xia et al., 2003; Babitsky et al., 2004). Babitsky et al. (2003 
& 2004) also justified and compared the axial surface and roundness profiles for 
machining Inconel 718 using various cutting tools by applying the CUVC and the CC 
methods. However, they conducted few CUVC experiments on this Ni-based alloy to 
investigate the effect of cutting parameters, e.g. feed rate, cutting speed, and depth of 
cut using commercial KMH13A, H13A, KRH13A tools. 
  
On the other hand, as a hard and tough cutting inexpensive tool material, cubic boron 
nitride (CBN) is the best choice next only to the diamond tools. The random 








resistance in all directions. In addition, the combination of the toughness of the 
cemented tungsten carbide with the hardness of the CBN layer allows the CBN 
cutting tools to withstand the cutting forces encountered when cutting tough, difficult-
to-machine materials. However, the ability of the CBN tool for this excellent tough 
and creep-rupture resistance alloy and the effect of cutting parameters on the cutting 
performance by applying the CUVC method have not yet been studied. 
 
2.2 Review on the UEVC Method 
                  
Though the CUVC (i.e. 1-D UVC) method has been increasingly applied to almost all 
the difficult-to-cut materials, the literature in the above shows that this method can 
rarely achieve ultraprecision finishing (e.g. < 0.1 µm) on these materials. In the recent 
years, the UEVC (i.e. 2-D UVC) method has been found to be more promising 
technology over the CUVC method for ultraprecision machining of the difficult-to-cut 
materials. The studies so far reported that this method performs remarkably better in 
all aspects such as surface roughness, roundness, waviness, tool life and so on. This is 
why, nowadays, the UEVC method has received drastic research interests from the 
researchers. However, both the theoretical and the experimental studies in the UEVC 
method are still relatively new. The studies conducted on the UEVC method are 
summarized in Table 2.2.  
 
2.2.1 Surface Roughness and Roundness 
Shamoto & Moriwaki (1994) achieved a surface roughness value of less than 0.1 µm 
by applying the UEVC method. They also found 0.02 µm Rmax in the UEVC of OFC 
(oxygen-free carbide) workpiece using HSS tools (Moriwaki & Shamoto, 1995). An 
ultraprecise mirror surface with a shape accuracy of less than 0.2 µm was achieved in 
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Table 2.2   Previous studies on the UEVC method including the experimental conditions (^orthogonal cutting; ^^μ-V grooving; - Not mentioned; 
* Vibration amplitude in 3rd dimension was 3 and 4 µm; **nose radius (otherwise edge radius)). 
 
Parameters Materials 
Vibration Cutting Tool geometry 
References 
Tool Workpiece f  a  b  n  cv  pa  rf     sK  rrn /  
Shamoto & Moriwaki, 
1994 
HSS OFC 0.006 5 5 - 0.260 10 ^ 0 30 - - 
Moriwaki & Shamoto, 
1995 
HSS OFC 20 8 11 - 5 5 ^ 0 13 - - 
Shamoto et al, 1997 SCD SUS420J2, 
SUS440C, SKD11 
~22 3.5 3.5 - 0.7 – 4.1 2, 5 6, 10 0 10 - 1** 
Shamoto et al, 2002 SCD Hard SS 20 2 2 60 - 5-25 16.7 0 15 - 1** 
Lee et al, 2002 PCD Glass, PLC 19.52 2 2 - 0.1 5 ^^ 0 2  0.1** 
Suzuki et al, 2003 SCD SUS420J2 19.6 3 3 - 0.25 - 1 1-5 5-300 0 - - 1** 






- 0.15 - 0.6 0-2 ^^ -20 - - 1** 
Ma et al, 2004 Carbide Al (52S) 18.76 4 4 - 15.75 50 25 -5 12 65 0.1 
Shamoto et al, 2005* SCD SUS42OJ2, 
NAK80 
34.4 8 6 - 0-1.27 3 15 0 15 - 1** 
Ma et al, 2005a Carbide Al (52S) 18.66 3.5 3.5 - 3.94 -18.3 50 25 -5 12 65 0.1 
Li & Zhang, 2006 PCD LY12 22.5 5, 10, 12 200 - 2 40 0 15 45 1.2** 
Kim & Loh, 2007 SCD Al, Cu, Brass 65 0.8 0.8  0.3, 0.06 15-30 ^^ 0 6  6e-4** 
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ultraprecision diamond turning of hardened die steel by applying UEVC method 
whereas 2 µm was achieved by applying the CC method (Shamoto et al., 2002).  
 
Moreover, Ma et al. (2004) observed that the shape error in the UEVC method is 
about 0.5 µm whereas it is 6 µm and 28 µm in the CUVC and the CC methods, 
respectively, while cutting aluminum using carbide tools. Fig. 2.2 shows the 
differences of surface profiles produced by the UEVC, CUVC and CC methods in 
their theoretical and experimental studies. A precise surface finish of less than 0.08 
µm Ra was achieved by Li and Zhang (2004) using PCD tools on a LY12 workpiece. 
Similarly, Suzuki et al., (2004) reported that the smooth mirror surface on the hard 
and brittle materials (Table 2.2) can be efficiently achieved by applying the UEVC 
method using single point diamond tool (SPDT). Shamoto et al., (2005) also achieved 
maximum surface roughness, Rz ranging from 50-150 nm on the hardened die steels 
(Table 2.2) using SCD tools while they produced 3D sculptured surfaces. Similarly, 
Suzuki et al. (2007) obtained mirror finishing (50 - 100 nm Rz) on special tungsten 
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Therefore, it is confirmed that the UEVC method can produce mirror surface finish on 
very difficult-to-cut materials without any troubles that are impossible by applying the 
CC and the CUVC methods.  
 
2.2.2 Cutting Force, Cutting System Stability and Tool Wear 
Shamoto and Moriwaki (1994) observed by experiments within a SEM that the 
elliptically vibrated tool produced negative thrust force due to the reverse cutting 
characteristic of the UEVC method, which is shown in Fig. 2.3(a). Thus, the UEVC 
method produces a lower cutting force compared to the CUVC method and results in 
higher cutting stability and longer tool life (e.g. Shamoto et al., 1997 & 1999a; Ma et 
al., 2005a). Shamoto and Moriwaki (1994 & 1995) observed that the UEVC method 
produces 1/42 and 1/70 of the thrust and the principal force components, respectively, 
of the CC method. It was also observed that the UEVC method increases the shear 
angle by more than 60o that helps to reduce the chip thickness and hence decreases the 
cutting force and improved cutting stability. Ma et al. (2004) also observed the similar 
findings. Fig. 2.3(b) shows that the UEVC method greatly reduces the thrust 
component compared to both the CUVC and the CC methods. Similarly, Suzuki et al. 
(2004) reported that the principal and the thrust force components in the UEVC 
method are 17 and 14 times lower than that in the CC method, respectively. 
 
The lower cutting force produced in the UEVC method decreases the average pushing 
and bending stresses of deformation zone in the tool-workpiece interface, which 
drastically reduces the burr formation in the UEVC method (Ma et al., 2005a). They 
reported, as shown in Fig. 2.4, that the height of burrs developed in the UEVC of 
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were found for the CUVC and the CC methods, respectively. The possibility of burr 
formation in the UEVC method can still be reduced by removing the cross talks 
between the two directional vibrations of the stepped vibrator, which also help to 
improve the UEVC system instability (Shamoto et al., 2002).   
 
 
(a)                                                                (b) 
Fig. 2.3 (a) Principal and thrust components of cutting force due to the UEVC method 
(Shamoto and Moriwaki, 1994); (b) Thrust cutting force measured in three 











Fig. 2.4 Height of burrs in three cutting methods (Ma et al., 2005a). 
 
2.2.3 Effect of Parameters on UEVC Performances 
Similar to the CUVC method, the cutting performances in the UEVC method also 
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and the properties of tool-workpiece materials. However, an additional vibration 
parameter, namely, thrust directional vibration amplitude, b is synchronized with the 
tangential vibration amplitude, a to achieve elliptical motion of the cutting edge in 
this method. Studies reported that this parameter helps to pull out the chips from the 
workpiece by the rake face during its thrust directional motion. Hence, the tool 
produces reverse friction on its rake (Fig. 2.3(a)), which results in lower the average 
cutting force (Fig. 2.3(b)) and hence improves cutting performances as described 
earlier. Table 2.2 shows the experimental conditions set by the previous studies.  
However, it can be seen that few studies were carried out under the UEVC method. 
Also, no study so far thoroughly was conducted to investigate the effects of the 
cutting parameters (e.g. DOC, feed rate, cutting speed) and the tool geometry (e.g. 
tool nose radius, rake and clearance angles, etc.) on the UEVC performances. 
Therefore, investigations of the effects of the cutting parameters and the tool 
geometry in this study are vital works. 
 
2.2.4 Tool-Workpiece Combinations in the UEVC Method 
Regarding the tool-workpiece combinations, it can also be observed from Table 2.2 
that the SCD tools were applied in most of the UEVC experiments. It may be due to 
the necessity of the cutting edge sharpness and the high-strength of SCD tools in the 
precision machining of difficult-to-cut materials. For experimental verifications of the 
theoretical studies, few experiments were conducted on comparatively soft materials, 
for example, OFC, Al, Cu, Brass, LY12, using HSS and carbide tools (Shamoto and 
Moriwaki, 1994 & 1995; Ma et al., 2004 & 2005a). However, very limited studies 
were conducted on WC or tungsten alloy using SCD tools. For example, Suzuki et al. 
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into the basic effects of the UEVC on ductile micromachining process. They also used 
SCD tools to machine a special tungsten alloy for grooving and planning experiments 
(Suzuki et al., 2007).  
 
Literature studies (Table 2.2) also shows that PCD tools were successfully applied on 
optical plastics, LY12, Glass, PLC, SiCp/Al for various microgrooving and turning 
tests using the CUVC and/or the UEVC methods (Kim and Choi, 1997; Gao et al., 
2002; Zhou et al., 2006; Liu et al., 2002; Li and Zhang, 2006; Lee et al., 2002). For 
example, Li and Zhang (2006) achieved a surface roughness, Ra of about 0.08 µm on 
LY12 using a PCD tool under UEVC turning test. The studies suggested that the PCD 
tools could be applied to achieve highly precise surface finish of less than 0.1 µm Ra 
while machining hard-to-cut materials. In fact, the PCD tools are inexpensive but next 
to the SCD tools as their hardness.  
 
As workpiece, sintered WC is a versatile metal matrix composite (MMC) material 
widely used in the tool manufacturing industries. However, the literature survey 
indicates that the PCD tools are yet to be applied on sintered WC by applying the 
UEVC method to investigate their machining feasibility. 
 
2.2.5 Tool Wear Behavior in the UEVC Method 
Study of tool wear mechanisms in any cutting method is important to draw 
conclusions about the feasibility of that specific tool-workpiece combination and the 
cutting process. Though performance of the UEVC method have been studied for 
various tool-workpiece combinations as seen in Table 2.2, the tool wear behavior in 
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section, Suzuki et al. (2004 & 2007) used SCD tools on WC and applying the UEVC 
method; however, the tool wear characteristics in these tests were not critically 
analyzed. Li and Zhang (2006) applied PCD tools on LY12, but the tool wear 
behavior in this case was not characterized. Zhou et al. (2003) also used PCD tools for 
machining tool steel by applying the CUVC method, but presented no insight into the 
wear mechanisms for this tool-workpiece combination as there is no EDX analysis for 
tool wear zone and generated chips.   
 
In the CC method, Yuan et al. (1993) observed that the DOC has no significant effect 
on the finished surface when PCD tools are applied to SiC/Al composites. Lane 
(1992) reported that the PCD tool life for cutting Al composites was found to be 
inversely proportional to radial DOC. Weinert (1993) reported that the lubricants: 
water and oil shorten tool life for the PCD and the coated carbide tools when applying 
on MMCs. Most relevantly, Heo (2004) studied the PCD tool wear behavior for 
machining WC; however, it was under the CC method. Arsecularatne et al. (2006) 
mentioned that enough experimental results and further research are required, even for 
the CC method, to characterize the dominant wear mechanisms of PCD tools. That 
means the PCD tool wear behavior is not well established. Therefore, characterization 
of the PCD tool wear mechanisms under the UEVC is an important work in this study. 
 
2.2.6 Critical DOC and Maximum Thickness of Material Cut in UEVC 
Nano-scale or ultraprecision machining of hard and brittle materials by applying the 
conventional cutting (CC) method is really cumbersome and unrealistic due to 
appearance of brittle fractures on the finished surface. To achieve ultraprecise surface 
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the ultraprecision machining process. Previous studies have shown that the DOCcr to 
achieve ductile surface by applying the CC method is extremely small (e.g. 1 µm or 
less) which leads to very low machining rate (Suzuki et al., 2007; Brehl and Dow, 
2008). Relations and conditions between the undeformed chip thickness and cutting 
edge radius were established to apply for ductile mode machining of brittle materials 
(Blackley and Scattergood, 1991; Liu et al., 2003; Uddin et al., 2004); however, this 
also offers low machining rate. Moreover, this theoretical formula did not consider the 
tool and workpiece material properties, which actually determine the DOCcr.  
Furthermore, although other nonconventional machining methods such as ELID 
grinding, μ-EDM, polishing, etc. are available to achieve such precise surface finish, 
they are not feasible economically due to either low-machining rate or high-
machining cost. Moreover, the DOCcr can be increased by several times with the 
CUVC over the CC method (Brehl and Dow, 2008; Zhou et al., 2002). However, the 
CUVC method can be rarely applied to achieve surface finish of less than 0.1 µm Ra 
as reported in Section 2.1.    
 
The UEVC technique has been found to be a promising technology especially for 
ultraprecision machining of hard and brittle materials as discussed earlier. Very few 
experimental studies (Suzuki et al., 2004 & 2007; Ma et al., 2005b) were conducted to 
investigate the DOCcr in the UEVC technique. Suzuki et al. (2004) applied the UEVC 
method in ductile microgrooving experiments for brittle materials such as sintered 
tungsten carbide, zirconia ceramics, calcium fluoride and glass using SCD tools 
(Table 2.2). They confirmed by the experimental results that the DOCcr in the UEVC 
technique increased significantly, as compared to the CC method. They argued that 
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UEVC technique is remarkably small as compared to the nominal DOC when the 
cutting edge passes the bottom point and hence the UEVC technique increases the 
DOCcr over the CC method. In fact, the value of the DOCcr should be dependent on 
material property. Thus, it should be a constant for a specific hard and brittle material 
and cannot be changed from one to another cutting method. As the DOC continuously 
varies when the tool follows an elliptical cycle (Fig. 1.2 in Chapter 1), there should 
have a maximum TOC (TOCm) for a set of cutting conditions in the UEVC method. It 
can be assumed that the UEVC method promises ductile mode cutting when the 
TOCm becomes lower than the DOCcr of a specific hard and brittle material for a set 
of cutting conditions. Thus there is a difference in concept between the DOCcr and the 
TOCm. However, the mutual relationships between the nominal DOC, the TOCm and 
the related machining parameters for the UEVC method have not yet been developed.  
  
2.3 Concluding Remarks 
As described above, extensive theoretical researches, simulation and experimental 
results for the CUVC method mentioned that the lower cutting force is due to a 
considerable reduction of friction between tool and workpiece and the separating or 
pulse cutting characteristic of the tool. Previous experimental reports also indicated 
that the UVC method performs better in all aspects at lower cutting speed and at both 
higher tool vibration frequency and amplitude. Therefore, the cutting force is directly 
related to these three parameters. However, the relationship between the cutting force 
and these three parameters is yet to be established. Moreover, the ability of cubic 
boron nitride (CBN) tool for the excellent tough and creep-rupture resistance alloy, 
Inconel 718, and the effect of machining parameters on the cutting performance by 








Previous studies also mentioned that the UEVC method is a promising technology for 
ultraprecision machining of difficult-to-machine materials. Though SCD tools are 
preferred for ultraprecision machining, PCD tools can also be competitive for 
applying to those materials under the UEVC method and they can reduce significant 
machining cost producing the surface finish within acceptable range (e.g. < 20 nm 
Ra). Moreover, as the sintered WC is widely used in the tool manufacturing industries, 
the UEVC method can be tried for machining this material using commercial PCD 
tools. Also, the effects of the cutting parameters, the tool geometry in the UEVC 
method are still to be investigated. In addition, the tool wear mechanisms in the 
UEVC method are yet to be examined.       
 
In the cutting of hard and brittle materials, the DOC is one of the vital machining 
parameters to be considered. As the DOC continuously varies in the UEVC technique 
due to the 2-D mode, it seems that the TOCm of workpiece material in each UEVC 
cycle is significantly smaller as compared to the nominal DOC. The mutual relations 
between the nominal DOC and the TOCm and the related machining parameters may 
allow the researchers and manufacturers to select a suitable nominal DOC for a set of 
given parameters in this cutting technique. Therefore, the effects of related machining 
parameters on the TOCm in the UEVC technique have to be theoretically established 
and experimentally verified for a hard and brittle materal.  
 
In this thesis, both the CUVC and the UEVC methods are theoretically studied and 
applied to two different difficult-to-cut materials: Inconel 718 and sintered WC, 
respectively. The objectives of this study are taken into account based on the research 
gaps described and identified in this chapter.  






In this study, many experiments have been carried out under both the CUVC and the 
UEVC techniques. The corresponding CC tests against each method have also been 
conducted to compare the cutting performances. The CUVC tests and the 
corresponding CC tests have been conducted to investigate the cutting performance in 
cutting of Inconel 718. The UEVC tests and the corresponding CC tests have been 
carried out to investigate the cutting performance of sintered WC. In the final stage, 
tests have been conducted to validate the theoretical modeling of the effect of 
machining parameters on effective DOC in the UEVC method. Details of all the 
experiments and the experimental procedures are described in this chapter.   
  
3.2 Experimental Details for the CUVC Tests 
The experimental details of the CUVC tests mainly consist of major six components: 
1) lathe machine, 2) CUVC device, 3) workpiece material, 4) tool inserts, 5) 
measurement instruments and 6) experimental procedures. These are described as 
follows:  
 
3.2.1 Lathe Machine: Okuma LH-35N 
The CUVC tests and their parallel CC tests (while comparing the cutting 
performances) have been conducted by Okuma LH-35N modern CNC lathe machine. 
The photograph of this lathe is seen in Fig. 3.1.  
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on tool holder  
 




Fig. 3.1 Photograph of OKUMA LH35-N CNC lathe at Workshop-2 in NUS. 
 
3.2.2 CUVC Device: Sonic Impulse SB-150 
The CUVC device Sonic Impulse SB-150 (also called CUVC vibrator) is 
manufactured by Taga Electric Co. Ltd., Japan. It consists of a vibration controller, an 
amplifier and a tool holder containing PZT. The vibrator is designed in such a flexible 
way that the tool rake can be set at any angle from -100 to +100. Fig. 3.2(a) shows the 
photograph of the SB-150 and Fig. 3.2(b) illustrates its cross-sectional flexural 
oscillation system with the nodal points: N1, N2 and N3 for achieving the resonant 
frequency. The device vibrates by means of two semi-circle PZT plates (1) and (2), 
which are arranged in the top and bottom into a metal block. 
Fig. 3.2 (a) SB-150 vibrator device containing PZTs and tool inserts and (b) cross- 
section of flexural oscillation system and vibration displacement of (a). 
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The specifications of SB-150 device are: 1) power source: AC100Volt, 50/60 Hz; 2) 
electric power consumption: 260 VA; 3) largest ultrasonic output: 120 Watt; 4) 
oscillation frequency: 19 ± 1.5 kHz; and 5) vibration amplitude: 15 µm. 
 
3.2.3 Workpiece Material 
A Ni-based superalloy, Inconel 718, was used in the CUVC and the corresponding 
CC tests. The workpiece was of 175 mm in diameter and 600 mm in length. The 
chemical compositions and the physical and mechanical properties of Inconel 718 at 
room temperature are shown in Tables 3.1 and 3.2, respectively. These high-grade 
properties make the alloy useful for different impact-resistant applications such as 
pumps, gas turbines, rocket motors, spacecraft, nuclear reactors etc. 
 
Table 3.1   Chemical compositions (%) of Inconel 718 
 
Ni: 52.5 Ti: 1.0 Cu 0.09 B: 0.005 
Cr: 18.6 C0: 0.24 Mn: 0.07 P: < 0.005 
Nb: 5.43 Al: 0.6 C: 0.031 S: 3 ppm 
Mo: 3.09 Si: 0.11 Ta: < 0.02 Fe: Balance 
 
 
Table 3.2   Physical and mechanical properties (at RT) of workpiece Inconel 718 
 
Density 8.19 g/cm3 
Melting temp range 1260-1336o C 
Avg. thermal exp. coeff. 13.0 μm/m.K 
Specific heat 435 J/kg.K 
Thermal conductivity 11.4 W/m.K 
Ultimate tensile strength 1240 MPa 
Yield strength (0.2% off.) 1036 MPa 
Elongation in 50 mm 12% 
Elastic modulus (tension) 211 GPa 
Hardness 36 HRC 
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3.2.4 Tool Inserts 
Commercial Sumitomo CBN tool inserts (ISO Code: TPGW110204 and grade: 
BN250) were used in all the CUVC and its counterpart the CT experiments. As a hard 
and tough cutting inexpensive tool, CBN is the best choice next only to the diamond 
tools. Also CBN has a good chemical and thermal stability up to about 800 o C and is 
more wear resistant than ceramics. The properties and the specifications of the CBN 
tool inserts are presented in Tables 3.3 and 3.4, respectively. 
 
Table 3.3   Properties of the CBN tool inserts 
 
CBN contents 85–90 (vol.%) 
CBN grain size 3–5 (µm) 
Binder Co etc. 
Poission’s ratio 0.22 
Thermal conductivity 100–130 (W/mK) 
Thermal stability 1270 (K in air) 
Hardness                        35–40 (GPa at room temp.) 
12 (GPa at 1273 K) 









Table 3.4   Specifications of the CBN tool inserts 
    
Rake angle +10 
Relief/clearance angle 11 
Approach angle 30 
Nose radius 0.4 mm 








3.2.5 Measuring Instruments 
The cutting outputs such as cutting force, tool flank wear, chip thickness and surface 
roughness for the CUVC tests were measured with various instruments.  
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3.2.5.1 Cutting Force Measurement 
A KISTLER 3-components dynamometer was attached at bottom side of tool holder to 
transfer the mechanical force of cutting to the KISTLER 3-components charge 
amplifiers (type 5011) during both the CUVC and the CT experiments on Inconel 
718. The amplifiers amplify the three force components: 1) tangential (in Z-axis), 2) 
thrust (in Y-axis) and 3) axial force (in X-axis) and translate them, which were 
recorded via Graphtec Chart Recorder for measurement and analyses.  The force data 
were passed through low-pass (LP) filter of the charge amplifiers at 30 kHz.  
 
3.2.5.2 Tool Flank Wear Measurement 
The maximum flank wear land (VB) of the CBN tools used during the CUVC and the 
CT tests of Inconel 718 was measured by a commercial toolmaker’s microscope.  
 
3.2.5.3 Scanning Electron Microscope (SEM) 
The tool flank wear and the chips produced in this study were observed under a SEM 
(JSM-5500, JEOL). This can be operated with a resolution of 4 nm with one electron 
beam. The maximum values of magnification and accelerating voltage of this SEM 
are 50,000x and 30 kV, respectively. The probe current ranges from 10-12 to 10-6 A. 
 
3.2.5.4 Surface Roughness 
The surface roughness defines the quality of any machining process. The achievement 
of a high quality surface finish for the difficult-to-machine materials is one of the 
major concerns when applying the UVC method. In the CUVC and the corresponding 
CT tests for cutting Inconel 718, a hand-held surface analyzer Surtronic 10 was used 
to measure the value of average roughness, Ra of the finished surface. 
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3.2.6 Experimental Procedures  
A schematic of entire machining set up is illustrated in the following Fig. 3.3. One 
end of the workpiece Inconel 718 was held tightly in the three-jaw chuck (headstock) 
of the CNC lathe Okuma LH35-N and the other end was supported by the Tailstock. 
The vibrator SB-150 device containing PZTs (Fig. 3.2) was used to vibrate the tool tip 
in the tangential direction (Z-axis). A fresh CBN tool insert was mounted on the cutter 
head in each test. In regular intervals (about 2 minutes) of one-pass, machining 
(turning type) was stopped in order to observe and measure the output parameters: 
flank wear width, chip formation, and surface roughness by using the instruments as 
described above. Each tool was set to operate for 10 minutes (i.e. 5 passes). However, 















Fig. 3.3 Illustrations of the CUVC test set up (turning operation). 
Tailstock 
KISTLER charge Graph-tech 
recorder 
LP  Z-axis  amplifier 
X-axis  












cvWorkpiece Inconel 718 
 37
Chapter 3 Experimental Details 
3.3 Experimental Details for the UEVC tests  
The experimental details of the UEVC tests consist of six components: 1) machine 
tool, 2) UEVC device, 3) tool inserts, 4) workpiece materials, 5) measurement 
instruments and 6) experimental procedures. They are described as follows. 
 
3.3.1 Toshiba Ultraprecision Machine 
All the UEVC and the corresponding CC experiments were conducted by a 
TOSHIBA ultraprecision machine, ULG-100 H3. Fig. 3.4 is a photographic view of 
the Toshiba machine in NUS, which shows its major two units: the control unit and 
the machining unit. The machining unit is composed of an air bearing spindle, an air 
slide with a capacity of 1 nm positioning accuracy and an ultraprecision vertical 
grinding spindle. The foundation of the machine contains an active damper of air 











Fig. 3.4 Photograph of the Toshiba ULG-100 H3 Ultraprecision machine in AML. 
 
3.3.2 UEVC Device: EL-50∑ 
The UEVC device EL-50∑ Superprecision is developed by Taga Electric Co. Ltd, 







Chapter 3 Experimental Details 
composed of 1) a tool holder integrated with PZT arrangements (vibrator), 2) 
vibration controller and 3) two amplifiers. Four PZTs are stacked with the vibrator. 
Two amplifiers are connected to the BENDI and the LONGI knobs of the vibration 
controller to amplify the tangential and the thrust directional vibration amplitudes 
during the UEVC. The specifications of the EL-50∑ device are: 1) power source: 
AC100V, 50/60 Hz, single phase; 2) electricity consumption: 500 VA (max); 3) 
power amplifier output: 45 W (max); 4) oscillation type: bolting Langevin; 5) 












Amplifiers PZTs integrated 
metal block 
Tool position 
 (a)                                                                     (b) 
Fig. 3.5 Photographs of the EL-50∑ device: (a) the vibrator and (b) the vibration 
controller (top) and the amplifiers (bottom). 
         
3.3.3 Workpiece Material 
The workpiece material used in all the UEVC experiments is a commercial sintered 
WC containing about 15% Co and a little amount of other constituents as shown in 
Table 3.5. The WC itself consists of about 93.75% W and 6.25% C. Table 3.6 lists the 
physical and mechanical properties of this composite material at room temperature. 
The presence of Co, O, Ti, V, etc. in this material serves to offset the hard and brittle 
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behavior of the WC and increase its toughness, wear and impact resistance and 
durability. 
 
Table 3.5   Major chemical composition of sintered WC used 
Contents                                Co                 Al            Ti           Cr            V           WC 
Amounts (wt. %)                 15.0               0.25         0.45       0.36        0.44       balance 
 
Table 3.6   Physical and mechanical properties of sintered WC 
WC grain size (µm) 0.5 ~ 0.6 µm 
Density 13.88 (+/-0.1) g/cm3 
Hardness  88.5 (+/-0.5) HRA 
Vickers hardness 13.8 (+/- 0.1) kg/mm2 
Transverse rupture strength 350 kgf/mm2 
Compressive Strength  420 kgf/mm2 
Impact Strength  0.70 kgf-m/cm2 
Fracture toughness 11.5 (+/-0.5) MPa m1/2 
Poission’s ratio 0.24 
Thermal Expansion  5.8 (x10-6/K) 
Thermal Conductivity 72 (+/-0.5) W/mK 
 
3.3.4 Tool Inserts 
Commercial PCD tool inserts (grade DA150, Sumitomo) were used as cutting tool in 
all the cases of the UEVC tests. Table 3.7 summarizes the typical physical and 
mechanical properties of PCD material at room temperature. It is reported by 
Sumitomo that the tool is micro-grained sintered diamond grade with strong diamond-
to-diamond bonding which exhibits high abrasion resistance. This grade (DA150) 
combines the toughness of cemented carbide and wear resistance of diamond. Though 
it is seen from the Tables 3.6 and 3.7 that the workpiece sintered WC has higher 
transverse rupture strength (TRS) value, but its hardness value is significantly lower 
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compared to the PCD tool material. It is because increasing the hardness of a material 
usually reduces its TRS (Wang et al., 2005). The hardness of PCD tool material is 
nearly that of SCD tool; though the cutting edge is not that sharp in the commercial 
PCD tool due to relatively large grain size. The thermal conductivity of PCD material 
is very high, allowing it to be operated at elevated temperature. Sumitomo suggests 
that this grade of PCD tool is suitable for machining of non-ferrous metals and other 
very hard materials such as non-ferrous metal finishing, green or semi-sintered 
carbide and ceramic cutting etc. 
 
Table 3.7   Physical and mechanical properties of PCD tool used in UEVC tests 
Tool grade DA150 
Max. diamond grain size  5 µm 
Vickers hardness 100 ~ 120 kg/mm2 
Transverse rupture strength  200 kg/mm2 
 
      
3.3.5 Measuring Instruments 
The measuring instruments used for the UEVC tests were different from those used 
for the CUVC tests; though the exceptions were in the cases of SEM observations of 
flank wear and chip formation. The uncommon instruments are described below:   
 
3.3.5.1 Cutting Force Measurement 
 A KISTLER 3-component mini-dynamometer was used to transmit the force signals 
(in terms of voltage) to a KISTLER 3-channel digital charge amplifier (KISTLER 
5015). Then they were passed to a Dewetron real-time data recorder (DEWE 2010) by 
setting ‘Low-Pass (LP) filter off’ of the charge amplifier. The LP filter was set off 
because the vibrator oscillates at about 39 kHz, though the charge amplifier can pass 
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up to 30 kHz by its LP filter. The DEWE2010 operates at 100 kHz for each channel 
which is able to capture the data of about 39 kHz of the elliptical vibrator.  
 
3.3.5.2 Nomarski Optical Microscope 
The flank wear width and rake of the tools were measured by a Nomarski optical 
microscope (OLYMPUS STM-6). The photographs of the tool flank and rake to 
observe the progression of tool wear and the photographs of the finished surface of 
the workpiece in all the experiments were also captured by connecting this 
microscope to a digital camera and a computer monitor. Two magnifications of 100x 
and 500x were used.  
 
3.3.5.3 SEM and EDX Machine 
Like CUVC tool flank wear and chips observation, the same SEM machine was used 
for the UEVC tool flank wear and chips observation. An EDX (Energy Dispersive X-
ray) machine associated with this SEM was used to investigate any transfer, diffusion 
or dissolution between the tool and the workpiece materials or the chips. Fig. 3.6 






 Computer monitor 
 




Fig. 3.6 Photograph of the SEM (JEOL JSM-5500) associated with an EDX machine. 
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3.3.5.4 Taylor-Hobson (T-H) Surface Profilometer 
The values of average and maximum surface roughness (Ra and Rz, respectively) were 
measured by a Talystep Stylus Profilometer (Taylor-Hobson Form Talysurf-120). Fig. 
3.7 shows the photograph of the T-H Surface Profilometer which was connected to a 
computer monitor for analysis and capturing the rough/modified surface profile of the 
finished surface. The parameters used during the measurement were as follows: 
Filter: Gaussian; Cut off (Lc): 0.08; Cut off (Ls): 0.0025; Stylus speed: 0.5 mm/sec; 









Fig. 3.7 Photograph of the Taylor-Hobson surface profilometer connected with a 
computer monitor. 
 
3.3.6 Experimental Procedures 
The operation types for four different categories in the UEVC tests are presented in 
Table 3.8. The corresponding cutting conditions are shown in the Chapters 5, 6 and 7.   
Table 3.8 Operation types for different categories of the UEVC experiments   
Category Description Operation type 
1 Tests of the cutting parameters (Chapter 5) Turning 
2 Tests of the tool geometry (Chapter 5) Facing 
3 Tool wear tests (Chapter 6) Turning 
4 Tests for validation of analytical model (Chapter 7)  Facing 
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The elliptical vibrator (i.e. EL-50∑ superprecision device) and KISTLER mini-dyno 
were securely fastened in the first and then this set was attached to the grinding 
spindle (tool post) of the CNC controlled ultraprecision Toshiba Machine (ULG – 100 
H3). The schematic of the entire machining set up for the turning type operation under 
category nos. 1 and 3 is shown in Fig. 3.8. The set up for the facing operations under 
the category nos. 2 and 4 is same to the turning operations except the interchange of 
Y- and Z- axes in Fig. 3.8. A fresh triangular type PCD tool (Sumitomo DA150) was 


















Fig. 3.8 Illustration of the UEVC experimental set up (turning operation). 
Cutting feed 
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For all the categories, a Kistler piezoelectric 3-component mini-dyne dynamometer 
was attached with the elliptical vibrator (Fig. 3.8) to measure the cutting force through 
a Kistler 3-channel digital charge amplifier (Kistler 5015). Force data were captured 
using a Dewetron real-time data recorder (DEWE 2010) and a Sony PC 208Ax data 
recorder. Lastly, the roughness profile of the finished workpiece was taken by a 
Talystep Stylus Profilometer (Taylor-Hobson). After machining at each set of cutting 
conditions, the cutting tool and the generated chips were analysed with the SEM 
machine equipped with energy dispersive X-ray (EDX) spectrometer. 
 
3.3.6.1 Setup for the UEVC Turning Operations  
UEVC turning operations were conducted for the category nos. 1 and 3 as shown in 
Table 3.8. The experimental set up for these two categories are same, which is shown 









Fig. 3.9 Photograph of the UEVC experimental set up (turning operation). 
 
For the category no. 1, one end of a workpiece of 40 mm diameter and 50 mm length 
was kept free while the other end was attached to an aluminum fixture which was held 
Vacuum chuck  





      Fixture 
     Workpiece 
     PCD tool  
Mist supply  
     Air spindle 
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by a vacuum chuck on air spindle of the machine. The cutting tests were conducted 
starting from the free end. After clamping the workpiece on the spindle, the 
eccentricity was tested with a dial gauge so that the cutting depth for a specified 
cutting condition is not varied. Test set lasting for 60 minutes was taken for each set 
of cutting conditions.  
 
Firstly, based on the cutting results, a suitable DOC has been determined at a fixed 
value of feed rate and cutting speed while machining WC using PCD tools. Then the 
suitable DOC has been fixed for the investigation of the effect of feed rate. By 
determining the right DOC and feed rate by these experiments, final tests have been 
carried out by varying the cutting speed. For 10 mm length OD (outer dia) machining 
on the 40 mm dia workpiece (i.e. about 1257 mm2 cutting area), different cutting time 
was required for the different cutting conditions. However, a minimum cutting time 
was found to be about 8.33 minutes for some specific cutting conditions (for example; 
at 4 µm DOC, 20 µm/rev feed rate and 7.53 m/min cutting speed). In this study, all 
the three force components were noted at four cutting times; initial (at 5-6 seconds), 2, 
4 and 6 minutes to observe the effect of cutting parameters in the UEVC method. 
 
For the tool wear experiments under the category no. 3, the cutting tools were 
examined under Nomarski Microscope (OLYMPUS STM 6) before each cutting 
experiment. Subsequently the micrographs of tool wear progression were also 
captured by this microscope at each cutting interval (5 minutes of interval for 60 
minutes of cutting). Before examining under the microscope with 100x magnification, 
the tools were carefully cleaned with alcohol so that the wear lands at the flank and 
rake faces of tool can be measured properly. 
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3.3.6.2 Setup for the UEVC Facing Operations  
For the tool geometry (e.g. nose radius) tests under the category no. 2 and for the 
validation tests of theoretical model under category no. 4 stated in Table 3.8, facing 
experiments were conducted where the Y- and Z- axes are interchanged in Fig 3.8. A 









Fig. 3.10 Photograph of the UEVC experimental set up (facing operation). 
 
For the category no. 2, the tool was set to machine from 20 mm outer radius to 16.4 
mm location of the workpiece face (i.e. 3.6 mm in traverse direction) for 60 minutes 
of cutting in each set of cutting conditions. Lastly, for the category no. 4, the tool was 
set to machine from 20 mm outer radius to 17 mm inner radius of the workpiece face 
(i.e. 3 mm in traverse direction); however, different machining time was needed to 
finish the job. It is because, at a same feedrate (µm/rev), traverse feedrate (mm/min) 
of the tool from outer dia towards centre varies for different rotational speeds (rpm) of 
the spindle. For example, 50 mins cutting time is needed at n = 20 rpm, whereas 40 
mins at n = 25 rpm for the same feed rate (3 µm/rev).   
PCD tool  
Vacuum chuck  
   Air spindle 
ULG-100 
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Chapter 4 
Study on Machining Parameters in CUVC method 
   
 
4.1 Introduction 
It has been discussed in Section 2.1 in literature review that, to machine difficult-to-
cut materials, the CUVC method is a more effective cutting process over the CC 
process in terms of cutting force, cutting instability, tool blunting, tool wear, chip 
generation, surface finish and so on. Along with the usual parameters for the CC 
method, two additional parameters: tool vibration frequency and vibration amplitude, 
are considered in the CUVC process that help to improve cutting quality and to 
increase remarkable tool life by lowering, mainly, the cutting force and improving the 
dynamic cutting stability.  
 
Extensive theoretical researches, simulation and experimental results for the CUVC 
method mentioned that the lower cutting force is due to a considerable reduction of 
friction between tool and workpiece and the separating or pulse cutting characteristic 
of the tool. Previous experimental reports also indicated that the CUVC method 
performs better at lower cutting speed and at both higher-tool vibration frequency and 
amplitude. Thus, the CUVC mechanism during the tool-workpiece interaction is 
basically related to the above three important parameters: tool vibration frequency, 
tool vibration amplitude and workpiece cutting speed that determine the cutting force. 
However, the relationship between the cutting force and these three parameters in the 
CUVC method has not yet been clearly established.  
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Furthermore, Babitsky et al. (2003 & 2004) justified and compared the axial surface 
and roundness profiles for the cutting of Inconel 718 by applying the CUVC and CC 
method. However, the ability of the commercial CBN tools for this excellent tough 
and creep-rupture resistance alloy and the effect of cutting parameters on the cutting 
performance by applying the CUVC method have not been studied. As a hard and 
tough cutting inexpensive tool material, CBN is the best choice, next only to the 
diamond tools.     
 
This chapter aims to find out the machining parameters that are directly involved in 
the CUVC technique. It firstly presents the mechanisms on how these parameters 
affect the CUVC. It is theoretically understood that the amount of cutting force is 
directly related with the three parameters mentioned above, that establish two key 
factors: tool-workpiece contact ratio and tool-workpiece relative speed (hereafter 
called “TWCR” and “TWRS”, respectively) for this intermittent cutting technique. 
This study focuses mainly on controlling the first key factor, TWCR. Another aim of 
this study is to evaluate whether the CUVC method can be effectively applied for 
cutting Inconel 718. To reach these objectives, the theoretical findings are verified by 
investigating the effect of these three parameters. This study also experimentally 
investigates the effect of feed rate on cutting performances in terms of cutting force 
components, tool wear, chip formation and surface roughness in cutting of Inconel 
718 using commercial CBN tools by applying both the CUVC and the CC methods. 
Additionally, the study observes and discusses the behavior of tool failure and the 
formation of chips at different cutting conditions by means of SEM.  Finally, a 
comparative study is conducted to show the advantages of CUVC method over the 
CC method.    
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4.2 Theory 
4.2.1 Study of the CUVC Mechanism 
Fig. 4.1 shows an illustration of a CUVC or 1-D UVC system where a piezoelectric 
transducer (PZT) is configured into the tool shank to excite the tool in any desired 
direction corresponding to three conventional axes. In this study, a tangential or 
cutting directional type CUVC system is considered as mentioned in Chapter 1. The 







                           
 
Fig. 4.1 Schematic of ultrasonic vibration cutting 
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The cutting principle of the CUVC method was explained by previous researchers 
(Kumabe et al., 1989; Kim and Lee, 1994; Kim and Choi, 1997; Xiao et al., 2002 & 
2006). The tool oscillates at an ultrasonic frequency f (i.e. vibration period, fT /1 ) 
with a very small vibration amplitude a where the workpiece rotates with a constant 
cutting speed . Accordingly in Fig. 4.2, the cutting edge starts to vibrate from the 
origin O and then cuts the workpiece material during the interaction periods 
. 
cv
.., baba tt 
 
The displacement of vibrating tool is described by: 
ftatax  2sinsin                                                                       (4.1) 
where x and  are the displacement and the angular velocity of the tool, respectively. 
Thus the tool vibration speed is: 
taxvt  cos                                                                                                      (4.2) 
 
The minimum and maximum values of  are, respectively: tv
0)( min tv                                                                                                                  (4.3a) 
afavt  2)( max                                                                                                  (4.3b) 
 
It can be seen from Fig. 4.2 that the tool vibration speed  varies from a minimum of 
zero (0) at any peak or valley to a maximum of 
tv
af2  at midpoint of its either upward 
or downward motion, except for the initial tool speed at the origin O. It was realized 
that the ultrasonic cutting is satisfied if cva  , otherwise it becomes a conventional 
cutting process (Kumabe et al., 1989; Kim and Lee, 1994; Kim and Choi, 1997; Xiao 
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et al., 2002, 2003 & 2006). Therefore, the critical cutting speed in the CUVC method 
is defined as: 
max)(2)( tcrc vafav                                                                                      (4.4) 
 
Fig. 4.2 also illustrates three following basic equations that govern the UVC system: 
0cos  bc tav                           (at btt  )                                                         (4.5)  
)(sin)(sin bacba ttTvtatTa                                                                     (4.6) 
Ttr c /                                                                                                                     (4.7) 
where r is the tool-workpiece contact ratio (TWCR). 
    
Eqs. (4.5)-(4.7) formulate a final equation as obtained by (Xiao et al., 2002): 
]))2/((cos[cossin2)1( 1 rafvrafrv cc             (for cvaf 2 )              (4.8) 
  
Therefore, it is clear from the final Eq. (4.8) that the term TWCR during CUVC 
process is dependent on three vital parameters, namely f, a and vc. Since this 
technique cuts the workpiece for a certain period in each vibration cycle, the cutting 
force in this method also should be TWCR ( Ttc / ) times of that for the continuous 
cutting (Kumabe and Hachisuka, 1984; Liu et al., 2002). That means a lower value of 
TWCR can decrease the cutting force in the CUVC system. The above Eq. (4.8) 
directly indicates that the TWCR can be lowered by controlling these three important 
parameters. In forthcoming Sections 4.2.2-4.2.4, the effects of these factors are 
studied theoretically first. Then the effect of the third factor, workpiece cutting speed, 
is justified in the experiment in Section 4.4.1. 
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4.2.2 The Effect of Tool Vibration Frequency 
Suppose two CUVC systems vibrate at two different frequencies f1 = 20 kHz and f2 = 
35 kHz with the same amplitude a = 15 µm. Hence the tool vibration period T1 is 
higher than T2.  Fig. 4.3(a) combines both the CUVC systems including the tool 
displacement curves and their corresponding pulse cutting states as a function of time. 








                                                                                
                (a) 
          
 




















                (b) 
 
Fig. 4.3 CUVC process: (a) Tool displacement and resultant cutting force for two 
different tool vibration frequencies (Subscripts: 1, 2 are for 20 kHz, 35 kHz, 
respectively), (b) Relation between TWCR and tool vibration frequency, f. 
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Now let a workpiece, rotating with a constant cutting speed  , engages at  and 







during the upward and downward motion, respectively, of the tool 
for the low-frequency CUVC system. Thus the system for this case follows the same 
contact period  as  in the consecutive vibration cycles. Similarly, 
the high-frequency tool for the same workpiece cutting speed follows the contact 
period  as . It is clear from the figure that . But since 






t 2ct ,t2 21 cc tt 
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Fig. 4.3(b) plots the TWCR against the tool vibration frequency using Eq. (4.8) where 
a = 15 µm and = 15 m/min. Two different values of TWCR,  = 0.2162 and  = 
0.1600 can be found for  = 20 kHz and  = 35 kHz, respectively. Thus, it is clear 
that the TWCR for a low-frequency tool is higher than for a high-frequency tool in the 
UVC system. Therefore, the tool cutting area experiences for a short duration of 
pulsating cutting force when using a high-frequency tool. 
cv 1r 2r
1f 2f
    
4.2.3 The Effect of Tool Vibration Amplitude 
Again suppose other two tangential UVC systems operate at two different tool 
vibration amplitudes  = 10 µm and  = 25 µm where the frequency f = 20 kHz is 
fixed. Thus the tool vibration period T is same for both the systems. Fig. 4.4(a) 
illustrates a combined diagram of two different displacement curves and the 
corresponding pulse cutting states against the time cycle for these two systems. 
1a 2a
 
If a workpiece rotates with a constant cutting speed  for both the conditions, then 
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separates from the workpiece later at  as compared with the tool of large-vibration 
amplitude. In this manner, let the tool for the former case follows the tool-workpiece 
contact time  as  in the successive passes where the tool for the later 
case follows  as . It is clearly seen from Fig. 4.4(a) that . 
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                  (b) 
Fig. 4.4 CUVC process: (a) Tool displacement and resultant cutting force for two 
different tool vibration amplitudes (Subscripts: 1, 2 are for 10 µm, 25 µm, 
respectively), (b) Relation between TWCR and tool vibration amplitude, a. 
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Fig. 4.4(b) shows the TWCR against the tool vibration amplitude by using the final 
Eq. (4.8) where  f = 20 kHz and  = 15 m/min. Two different values of TWCR,  = 
0.2710 and  = 0.1644, can be picked out at  = 10 µm and  = 25 µm, 
respectively, where . Therefore, it is obvious that the TWCR for a tool of high-
vibration amplitude is lower than for a tool of small-vibration amplitude. As the 
number of contact between the tool and the workpiece is same for both the tool 
conditions (Fig. 4.4(a)), the tool for the second condition favors better cutting 





4.2.4 The Effect of Workpiece Cutting Speed 
Fig. 4.5(a) shows a tool displacement diagram and the corresponding pulse cutting 
states against time for a single tool following f = 20 kHz and a = 15 µm. Let two 
cutting speeds  and  for the workpiece be considered where, . Since 
is the smallest, the workpiece for this case holds with the tool later at  and then 
separates earlier at during the upward and downward motion of the tool 
respectively. Accordingly, the tool-workpiece in this condition follows the contact 
period as  in the consecutive vibration cycles. On the other hand, the 
workpiece of cutting speed  engages with the tool earlier at  and disengages 
later at following the tool-workpiece contact period as t . From 

































  and hence 21 rr  , because the same frequency has 
been applied to the cutting tool. 
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Fig. 4.5 CUVC process: (a) Tool displacement and pulsating cutting force against 
time at f = 20 kHz and a = 15 µm. (Subscripts: 1, 2 are for low and high 
cutting speed, respectively), (b) Relation between TWCR and workpiece 
cutting speed, .  cv
 
The curve for TWCR vs. the cutting speed is plotted in Fig. 4.5(b) again using the 
final Eq. (4.8). If two different cutting speeds, 20 m/min and 40 m/min, are 
considered then the TWCR is found to be about 0.2536 for 20 m/min as compared to 
about 0.3803 for 40 m/min. Therefore, the TWCR for a low-workpiece cutting speed 
in the UVC system is lower than that for a high-workpiece cutting speed. This means 
 57
Chapter 4 Study on Effect of Machining Parameters in CUVC Method 
the tool experiences a short duration of the pulsating cutting force when applying low 
cutting speed. 
  
4.3 Verification of Theoretical Studies 
The above mechanisms have described the relation between the cutting force and the 
three important parameters: tool vibration frequency, tool vibration amplitude and 
workpiece cutting speed. It is established that the key factor, TWCR plays a key role 
in the CUVC process where the increase in both the tool vibration parameters and the 
decrease in the cutting speed reduce the TWCR. As the TWCR decreases, the non-
cutting time of the tool increases, which decreases the cutting force and enhances both 
increased tool life and improved cutting quality.   
 
However, the investigation on the effect of the degree of vibration in this study is 
indeed a cumbersome task. The Sonic Impulse SB150 is a commercial CUVC device. 
Such device can only provide a single frequency (~19 kHz) and single amplitude (15 
µm). These parameters are designed and implemented considering the natural 
frequency of the device as well. Therefore, to achieve different frequencies and 
amplitudes, different structures are necessary in this method. As known so far, there is 
no available CUVC device that can facilitate more than a single frequency and single 
amplitude. To get another frequency and amplitude, another device has to be procured. 
Hence, to justify the effect of different frequencies and amplitudes, the tests require a 
number of devices (for example, 7-8 devices for these two vibration parameters) that 
would be more cumbersome, unrealistic, and very expensive. However, only one 
study so far was found in literature review that experimentally investigated the effect 
of these two vibration parameters on CUVC performance (Zhang et al., 2005). Since 
 58
Chapter 4 Study on Effect of Machining Parameters in CUVC Method 
there was no theoretical support to these findings so far, this study has been conducted 
to find the theoretical relationship between the cutting force and these parameters.  
 
It is observed from Fig. 4.3 that though the number of contacts between the tool and 
the workpiece will always be higher for a relatively high-frequency cutting tool. 
Zhang et al. (2005) concluded based on the experimental findings that the increase of 
tool vibration frequency in the CUVC system improves cutting quality and prolongs 
tool life that agrees with the theoretical studies in Section 4.2.2. Zhang et al., (2005) 
also found that the increase of tool vibration amplitude in the CUVC system improves 
cutting quality and increases tool life, which substantiates the theoretical findings. 
Therefore, Zhang’s experimental findings on the effect of two vibration parameters: f 
and a on CUVC performance support the proposed theoretical studies in this chapter. 
 
Regarding the effect of cutting speed , previous experimental works [6-8, 18-22] 
indicated that the CUVC method improves cutting quality and saves tool life at low 
cutting speed values. Moreover, the TWRS in the CUVC method increases with the 
increase in cutting speed that definitely effects cutting quality in machining. 
Therefore, low values of cutting speed are suggested to be used for the CUVC 
technique. This study also justifies the effect of third parameter, workpiece cutting 
speed, at in cutting experiment of Inconel 718 by applying the CUVC method. 
cv
 
4.4 Cutting Conditions 
Table 4.1 presents the experimental conditions used for both the CUVC and the CC 
methods. When switching off the generator of the vibration device, the cutting type 
then becomes CC. Upon switching on, the device provides the frequency, f of about 
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19 kHz and the amplitude, a, of about 15 µm. Therefore, the maximum vibrating 
speed of the tool tip can be calculated as afvt 2)( max   = 107.4 m/min (see Eq. 
(4.3(b)). In order to maintain separating type vibration cutting, the cutting speeds in 
all the operations were chosen to be less than this critical speed. 
 
Table 4.1 Experimental conditions for the CUVC and the corresponding CC tests 
Operation type Turning 
Diameter 175 mm Workpiece 
Length 600 m 
Depth of cut,  pa 0.10 mm 
Feed rate,  rf 0.025, 0.05, 0.075, 0.1 mm/rev 
Cutting conditions 
Cutting speed,  cv 5, 7.5, 10, 12.5, 15, 20 m/min 
Coolant type Water 
Frequency, f 19 ±1.5 kHz 
Amplitude, a 15 µm 
Vibration 
conditions 
Max. vibrating speed 107.4 m/min 
 
4.5 Results and Discussions 
In this section, the effect of cutting speed on the cutting performance has been 
justified firstly in cutting of Inconel 718 by applying the CUVC method. Since the 
effect of feed rate for cutting Inconel 718 has not been studied before, this study also 
includes this experiment. The experimental findings have been compared with the CC 
findings at the same cutting conditions applied. 
   
4.5.1 Effect of Cutting Speed on Cutting Force and on Tool Wear 
Figs. 4.6 (a) and (b) show the effect of cutting speeds on the cutting force components 
for both the cutting techniques at feed rates of 0.05 and 0.1 mm/rev, respectively. It is 
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observed that, at both feed rates, all the force components for the CUVC method are 
reduced up to 12-25% that is required for the CC method at all the cutting speeds 
examined. Another finding is that, for both the cutting methods, the thrust or radial 
force component is the highest among all the components followed by the tangential 
component and then the axial or feed component.  
































































Fig. 4.6 Cutting force components vs. cutting speed for both cutting processes at a 
feed rate of (a) 0.05 mm/rev; (b) 0.1 mm/rev. 
 
 
In general, a tangential or cutting component is greater than the thrust component for 
positive rake angle tools, smaller for negative rake angle tools, and equal for zero rake 
angel tools. However, during ultra-precision cutting of materials using tools with an 
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edge radius, the effective rake angle becomes negative, causing the thrust force to be 
greater than the tangential force (Oomen and Eisses, 1992). This was the case for the 
CBN tool used in these tests. In addition, the CBN tool began to wear from the start of 
cutting Inconel 718, decreasing the edge sharpness of the tool and causing the tool nose 
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Fig. 4.7 Tool flank wear (VB) vs. cutting speed for both cutting processes after 10 min 
of cutting at a feed rate of (a) 0.05 mm/rev and (b) 0.1 mm/rev. 
 
 
Fig. 4.7 (a) and (b) show the tool flank wear width, VB against the cutting speeds after 
10 minutes of cutting for both the cutting methods at feed rates of 0.05 and 0.1 
mm/rev. Initially, the CC tool wear rate increased sharply with the cutting speed as 
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the cutting load at the tool edge and tool nose increased and it became steady. Though 
the highest tool wear rate was seen, the cutting operation was continued throughout all 
the cutting speeds in the CC method. In contrast, the wear rate in the CUVC method 
was negligible at cutting speed up to 10 m/min. However, beyond this speed such as 
15 m/min and 20 m/min, the tool nose as well as the cutting edge experienced high-
wear rate and eventually failed after only 4 min of machining. Since the tools were 
worn out within a short time at 15 m/min and 20 m/min by applying the CUVC 
method, the wear values for those two cutting speeds are not shown in Fig. 4.7. 
 
Fig. 4.8 illustrates the CBN tool wear characteristics with the following SEM 
photographs for various cutting conditions by applying both the cutting techniques. 
The photographs in Figs. 4.8 (a)-(f) were captured after 10 minutes of machining 
while Figs. 8 (g) and (h) were taken after 4 minutes of operation. Fig. 4.8 also shows 
that the CC method continuously generated built-up-edge (BUE) that left the pits and 
debris on the tool rake and flank faces. These pits and debris sticking on the tool 
cutting area always increase the cutting force and hence increase the tool wear. In 
contrast, a very small amount of BUE and pits was produced in the CUVC method. 
 
Therefore, Figs. 4.6-4.8 reveal that the removal of BUE, the separating or pulse 
characteristic, the consequent reduction of the surface tearing during the tool upward 
motion in vibration cutting (Skelton, 1969), aerodynamic lubrication (Skelton, 1969; 
Zhou et al. 2002) and the generation of comparatively thinner and even chips (Fig. 
4.12) could be the main reasons of producing both the lowest cutting force and the 
tool wear at less than 15 m/min in the CUVC method compared to that in the CC 
method.    
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 CC Method CUVC Method 
 
 
Failure starts at tool nose   
 















                                              
Fig. 4.8 The SEM photographs of tool wear characteristics at different cutting 
conditions. (a)-(d): CC method; (e)-(h): CUVC method. 
                                                                                                                                   
Figs. 4.6 (a) and (b) also show that the cutting force components in CC method 
increased linearly with the cutting speeds. Similar trend is also observed for the 
CUVC method up to 10 m/min. However, in the CUVC method, a sudden increase of 
(d) 15 m/min, 0.1 mm/rev, CC
(b) 10 m/min, 0.1 mm/rev, CC 
(c) 15 m/min, 0.05 mm/rev, CC (g) 15 m/min, 0.05 mm/rev, CUVC 
Fracture area 
No failure at nose-flank 
(f) 10 m/min, 0.1 mm/rev, CUVC 
Catastrophic 
failure Fracture 
(h) 15 m/min, 0.1 mm/rev, CUVC 
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force components was observed when the cutting speed shifts from 10 m/min to 15 
m/min. This is because both the TWCR and the TWRS increase with the increase in 
the cutting speeds as discussed in Figs. 4.5 (a) and (b). Ignoring the TWRS factor in 
this study, the TWCRs for 10 m/min and 15 m/min are found to be about 0.1739 and 
0.2163, respectively. Hence the tool-workpiece contact time is reduced by more than 
4% in each vibration cycle if the cutting speed reduces from 15 to 10 m/min. This 
means the tool engaged with the workpiece for a relatively long duration at high-
cutting speed and also was attacked by a numbers of consecutive high-mutual radial 
and tangential impacts during the upward motion of the tool. As Inconel 718 has 
excellent toughness, ultimate transverse strength (UTS), yield strength (YS) and 
creep-rupture resistance (Table 3.2), and a relatively high-tool relief angle (110) was 
used in the tests, it is assumed that the CBN tool material, which is next to diamond in 
hardness, could not sustain these high impacts for a long duration in this method.  
 
It is seen in Figs. 4.10(b) and 4.11(b) that the CBN tool started to wear off at the 
beginning of cutting at a comparatively high-cutting speed of 12.5 m/min or beyond. 
Though the failure is insignificant at a cutting speed of 10 m/min (see Figs. 4.8(e) and 
(f)) even after 10 minutes of cutting, it is seen in Figs. 4.8(g) and (h) that the failure 
firstly started with fracture (or abrasion) at the tool nose-flank area and it increased 
with the increase in cutting speed. Because of the worsening tool condition, the 
measured cutting force components were found to be higher immediately when the 
cutting speeds shift toward 12.5 m/min. Due to the long duration of tool-workpiece 
interaction at these speeds (i.e. high TWCR) as compared to 10 m/min, the high 
number of impacts in vibration cutting led to fatigue failure of the tool just after 4 
minutes of cutting at either 15 or at 20 m/min. The tool failed along with the cutting 
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edge, starting from the tool nose area as seen in Fig. 4.8. Since the failure was very 
severe, it was considered to be catastrophic failure. Therefore, the CUVC method 
results in longer tool life at low cutting speed. 
 
4.5.2 Effect of Feed Rate on Cutting Force and on Tool Wear 
Fig. 4.9(a) shows the cutting force components for a range of feed rates at a cutting 
speed of 10 m/min using both the CC and the CUVC methods to machine the Inconel 
718 workpiece. It reveals that the cutting force increases with the feed rate in both the 
processes, which means that the CUVC method accords with the same rule in the CC 
method. However, all the force components, at almost all the feed rates, of the CUVC 
process are reduced approximately to about 12-20% of that of the CC process. 
Moreover, the cutting force increase rate with the feed rate is insignificant in the 
CUVC process unlike in the CC process. As the CUVC technique progresses using a 
number of passes for the same area of the workpiece, the actual depth of cut for each 
pass is smaller and hence the cutting load at the tool nose for each of the three 
components should theoretically be lower compared to the single-pass cutting action 
in CC. In addition, the TWCR in CUVC method is less than unity, which assists in 
keeping the force components low. This explains the lower force components with the 
feed rate in the CUVC method as compared with the CC method. 
 
Fig. 4.9(b) shows the values of tool flank width VB correspond to Fig. 4.9(a). It shows 
that the tool flank wear width in the CC method increases suddenly when the feed rate 
is increased from 0.025 mm/rev to 0.05 mm/rev and then it maintains a steady 
increase rate. In contrast, in the CUVC method, the wear increases linearly with a 
very small slope throughout the entire range of the feed rates. Thus it is clear that the 
tool wear rate in the CC method is significantly higher than in the CUVC method.    
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                   (b)                       
Fig. 4.9 Effect of feed rate in the CC and the CUVC methods at a cutting speed of 10 
m/min: (a) cutting force components; (b) tool flank wear width (VB) after 10 
minutes of cutting.  
 
Figs. 4.9(a) and (b) also demonstrate that the lower cutting force components in the 
CUVC method reduced the tool wear rate at a cutting speed of 10 m/min that 
lengthens the tool life by improving the cutting stability. At all the feed rates, it is 
observed that the tool wear in the CUVC method is reduced to about 12-14 % of that 
in the CT method. According to these results, it is predicted that the tool life for the 
CUVC method is almost 7-8 times higher than that for the CC method. 
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4.5.3 Tool Wear vs. Cutting Time  
The tool wear characteristics were also observed as functions of the machining time 
for both cutting methods at feed rates of 0.05 and 0.1 mm/rev as shown in Figs. 4.10 












































































                           (b) CUVC method 
 
Fig. 4.10 Tool flank wear width (VB) against cutting time for the CC and the CUVC 
methods at a feed rate of 0.05 mm/rev. 
 
The figures illustrate that the tool wear rate in the CUVC method is significantly 
lower than in the CC method up to the cutting speed of 10 m/min. According to the 
following experimental results, it is observed that the tool life in CUVC of Inconel 
718 is almost 4-8 times higher than that in CC up to that cutting speed limit. This is 
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because both the TWCR and the TWRS are low at low cutting speeds in the CUVC 
method. For example, the TWCR values are 0.1739 and 0.2163 at cutting speeds of 10 
and 15 m/min, respectively, for an ultrasonically vibrated tool at a frequency of 20 
kHz with an amplitude of 15 µm (see Fig. 4.5(b)). Thus a small value of both the 































                                    
































                            (b) CUVC method  
Fig. 4.11 Tool flank wear width (VB) against cutting time for the CC and the CUVC 
methods at a feed rate of 0.1 mm/rev. 
    
However, as discussed earlier, due to the high value of both the TWCR and the 
TWRS beyond the cutting speed of 10 m/min, the tools eventually failed just after 4 
minutes of cutting in the CUVC method. On the other hand, though 100% TWCR 
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causes a rise in temperature and different wear mechanisms at the tool-workpiece 
contact areas and elastic and plastic deformations occur to cause fast tool wear; 
cutting still could be continued in the CC method at high speed because no impact is 
faced by the tool edge in this method. 
 
The above studies thus reveal that the CC method limits the repeatability of the tool, 
which in turn increases the production costs. In contrast, the CUVC method limits the 
use of high-cutting speeds with hard and tough cutting materials like Inconel 718. 
 
4.5.4 Analysis of Chip Formation 
Fig. 4.12 shows the SEM photographs of chips produced at feed rates of 0.05 and 0.1 
mm/rev for both the cutting methods. It can be easily observed that the CC method 
generated thick, uneven, short and fractured chips whereas the CUVC method 
produced comparatively thin, smooth and long chips. For example, the chip 
thicknesses for the CUVC and CC methods were approximately 0.15 and 0.30–0.40 
mm, respectively, at a cutting speed of 10 m/min and a feed rate of 0.05 mm/rev.  
 
The generation of thicker, uneven and fractured chips is not favorable for high-quality 
machining because these types of chips negatively affect the tool cutting areas 
including the tool nose, cutting edge and rake face, resulting in non-uniform friction 
and generating higher temperatures, higher cutting forces, burr formation, higher 
regenerative chatter and rapid tool wear, which shorten the tool life. In contrast, non-
continuous interaction between the tool and the workpiece in the CUVC method 
generated thinner, smoother and longer chips that did not affect the tool life 
significantly. 
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 (f) 10 m/min, 0.1 mm/rev, CUVC (c) 10 m/min, 0.1 mm/rev, CC 
 
Fig. 4.12 SEM photographs of the chips produced at different cutting conditions by 
both the cutting methods. CC method: (a) 10m/min, 0.05 mm/rev; (b) 
rectangular region of (a); (c) 10 m/min, 0.1 mm/rev and CUVC method: (d) 
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4.5.5 Effect of Cutting Speed and Feed Rate on Surface Roughness 
The surface roughness, which identifies the quality of the finished surface, is one of 
the main concerns of manufacturing industries. The achievement of a high-quality 
surface finish for difficult-to-machine materials is a major concern related to the use 
of the CUVC or UVC process. Figs. 4.13(a) and (b) show the measured roughness 
values Ra against the cutting speeds at feed rates of 0.05 and 0.1 mm/rev, 
respectively, which were taken after 10 minutes of machining with both the cutting 
methods. Since the tools were worn out in the CUVC method after 4 minutes of 



























                   (a) 


























                   
                   (b) 
Fig. 4.13 Average surface roughness values, Ra against cutting speeds in both the 
cutting methods after 10 minutes of cutting at a feed rate of: (a) 0.05 
mm/rev and (b) 0.1 mm/rev. 
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It is observed that the Ra values increase with the increase in cutting speeds where the 
increase rate for the CUVC method is very insignificant, unlike that for the CC 
method. Also in Fig. 4.13(a), at cutting speeds between 5 and 10 m/min, surface 
roughness values of 0.60–0.65 µm were achieved with the CUVC method for a feed 
rate of 0.05 mm/rev, while 2.3–2.9 µm were achieved with the CC method. 
 
Fig. 4.14 shows the measured surface roughness values against feed rates with both 
the cutting methods after 10 minutes of cutting at a cutting speed of 10 m/min. It is 
generally true that the surface finish degrades with increase in feed rate that 
substantiates the roughness data in Fig 4.14. For all the cutting conditions examined, 
the CUVC method resulted in lower roughness values as compared to the CC method. 
A rough and coarse surface finish was generated by the CC method at higher feed 
rates. When machining Inconel 718 at a cutting speed of 10 m/min, the CC achieved 
minimum and maximum surface roughness values of 2.4 µm and 4.9 µm, 
respectively, whereas CUVC achieved minimum and maximum surface roughness 
values of 0.6 µm and 0.8 µm, respectively. Thus, the CUVC surface roughness had 
little variation with the feed rate, unlike CC. 
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Fig. 4.14 Average surface roughness values, Ra against feed rates in both the cutting 
methods after 10 minutes of cutting at a cutting speed of 10 m/min. 
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It can also be observed that the Ra values with the CUVC technique did not cross 0.8 
µm at the maximum feed rate of 0.1 mm/rev. Thus the Ra values in the CUVC process 
do not increase markedly with the feed rates, as it does in the CC process. Therefore, 
Figs. 13 and 14 reveal that the surface finish with the CUVC method is improved by 
about 75-80% at a feed rate of 0.05 mm/rev and 75-85% at a feed rate of o.1 mm/rev 
over the CC method. Therefore, a high-quality surface finish for tough cutting could 
be achieved with the CUVC method.   
 
The variation of the surface roughness during cutting is related to many variables.    
The above studies demonstrate that, since the TWCR is 100% in the CC method, the 
generation of thick, uneven and severe fractured chips, BUE, high cutting forces, 
frictional heat, and high cutting instability, etc. deteriorated the machined surface and 
finally produced a rough and coarse surface. Moreover, the chips generated by CC 
(Figs. 4.12(a)-(c)) always left unusual pits in the cutting edge area, as shown in Fig. 
4.8, which also affected the surface roughness of the finished workpiece. On the 
contrary, only a fraction of TWCR and consequent reduction of the surface tearing in 
the CUVC method reduced the cutting force, frictional force and frictional heat and 
produced comparatively sharper fine chips that have less influence on the machined 
surface. As BUEs occurred rarely, the surface finish obtained in the CUVC method is 
regular and smooth, which is much better than that in the CC method.  
  
It is also observed that both the TWCR and the TWRS in the UVC method influence 
the cutting quality for tough cutting superalloy Inconel 718. For example, since the 
TWCR and the TWRS are the lowest for 5 m/min as compared to other cutting speeds 
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(TWCR in Fig. 4.5(b)), the surface finish is better for this cutting speed. Thus, it can 
be concluded that smaller values of these key parameters improve the cutting quality.  
 
4.6 Comparative Analysis between the CC and CUVC Methods 
Lastly, Fig. 4.15(a) and (b) present brief comparisons between the CC and the UVC 
methods based on the above experimental findings at feed rates of 0.05 and 0.1 
mm/rev, respectively.  
  
                












                
Fig. 4.15 Comparative analysis of cutting performances between the CC and the 
CUVC methods at selected cutting speed of 10 m/min at a feed rate of (a) 
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Four different output parameters namely the tangential and radial cutting force 
components, the flank wear width and the Ra values at a feed rate of 0.1 mm/rev, 
were taken into account for this comparison. Since the CUVC method performs 
remarkably better up to a cutting speed of 10 m/min in cutting of Inconel 718, this 
speed was selected as best suited for this analysis. The charts in both the Figs. 4.15(a) 
and (b) show that the CUVC method, in all the cases, promises better cutting 
performance than the CC process. Therefore, it is concluded that the CUVC method 
not only attains high-quality cutting of difficult-to-machine materials but also raises 
the tool life distinctly and saves machining cost. 
 
4.7 Concluding Remarks 
The effects of tool vibration frequency, tool vibration amplitude and workpiece 
cutting speed in the CUVC method were studied theoretically. Also the effect of 
cutting parameters on a superalloy Inconel 718 with CBN tools was investigated 
thoroughly by applying the CUVC method. In order to compose a comparative 
analysis, the cutting conditions applied in the CUVC method were also considered for 
the CC method. The cutting force components, the tool flank wear width, the chip 
formation and the surface roughness were justified as the output parameters. Based on 
the theoretical studies and experimental results achieved, the following conclusions 
can be compiled: 
 
1. In the UVC technique, the cutting quality depends mainly on two important 
factors: TWCR and TWRS. The cutting mechanism shows that the TWCR relies 
on three independent key parameters: the tool vibration frequency, the tool 
vibration amplitude and the workpiece cutting speed. 
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2. To achieve a high-quality cutting, the TWCR should be kept as low as possible. 
The value of TWCR can be lowered by increasing both the tool vibration 
frequency and amplitude, as well as by decreasing the workpiece cutting speed.  
3. The test results show that the cutting force for the CUVC method was required to 
be about 12-25 % of that for the CC method in cutting of Inconel 718.  
4. The tool flank wear in the CUVC method was found to be about 12-14% and 12-
25 % of that in the CC method when cutting up to 10 m/min at feed rates of 0.05 
and 0.1 m/min, respectively. Thus the tool life with the CUVC method is 
increased by at least 4-8 times over the CC method.  
5. Due to consecutive passes of the tool over the workpiece, the CUVC produced 
thinner and more even chips, which reduced both the cutting forces and the tool 
wear and improved the surface roughness. 
6. A minimum Ra value of 0.6 µm was achieved with the CUVC method whereas 
2.4 µm was achieved with the CC method for the same cutting condition. Hence, 
the cutting quality with the CUVC method was improved by about 75-85% over 
the CC method. 
7. However, beyond the cutting speed 10 m/min, the CBN tools catastrophically 
failed after 4 minutes of machining applying the CUVC method. This type of 
failure may be due to high TWCR when high cutting speed was used. A number 
of consecutive high impacts between the tool and the workpiece with high TWCR 
induced to cause fast tool wear that agrees with the theoretical study on the effect 
of the third factor, i.e. the effect of workpiece cutting speed. 
8. To conclude, the CUVC method has been found to be a suitable technique to 
achieve high-quality finish surfaces for Inconel 718; though low cutting speed 
range should be maintained in this method. 
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 UEVC of Sintered Tungsten Carbide 
 
5.1 Introduction 
Sintered tungsten carbide (WC) is an extremely hard and versatile metal matrix 
composite (MMC) material widely used for mining and cutting tools, dies, molds and 
punches, fine drills, blades etc. in the tool manufacturing industries. Efforts over the 
last few decades have been made to machine quality surface of this MMC with lowest 
possible machining cost applying various conventional and nonconventional cutting 
methods. However, as discussed in Chapter 2, machining of this material with 
conventional cutting (CC) method is a real challenge compared to other difficult-to-
cut materials. For example, in the conventional cutting (CC) method, single 
crystalline diamond (SCD) tool is rarely used to machine sintered WC due to its short 
life (Suzuki et al., 2003, 2004 and 2007) and high cost. Alternatively, in 
nonconventional machining methods, the high cost involved in diamond wheel for 
ELID grinding or extremely low material removal rate in micro-EDM, chemical 
etching or polishing processes press on researchers to investigate new and alternative 
cutting technology which can fabricate highly precise cutting tools, dies and molds 
etc. with lower machining cost. Nowadays, UEVC technique has been found to be a 
quite promising precision cutting technology over the CC and CUVC method and 
competitive to the other nonconventional machining techniques in cutting of difficult-
to-cut materials. Literature review has shown that very few studies have been 
conducted on cutting of WC using only single point diamond tool (SPDT), e.g. SCD, 
applying the UEVC technique.   
 78
Chapter 5 UEVC of Sintered Tungsten Carbide 
 
This chapter aims to apply the UEVC technique on sintered WC using commercial 
PCD tools. Firstly, it presents the cutting principle of the UEVC technique. Then it 
investigates the effect of nominal cutting parameters on the cutting outputs such as 
force components, tool wear, chip formation and surface finish. Subsequently, a case 
study is conducted to investigate whether the cutting performance of PCD tools in the 
UEVC method can further be improved by varying the related parameters but keeping 
same machining rate. To substantiate the feasibility of UEVC method, a comparative 
performance of this method is carried out with that of its CC counterpart. Analyses of 
the experimental results are carried out based on theoretical phenomenon of the 
UEVC method to explain the reasons of better cutting performance of the UEVC over 
the CC method. In the subsequent section 5.5, the effects of tool geometry (mainly 
nose radius) on the cutting performance are observed for the UEVC method. Based on 
the theoretical study and the experimental study, conclusions are made in the final 
section 5.6.  
 
5.2 The UEVC Principle 
Fig. 5.1 (a) illustrates the schematic of UEVC principle. In this cutting technique, the 
tool tip is vibrated elliptically by means of an ultrasonic elliptical vibrator (Shamoto 
and Moriwaki, 1994; Suzuki et al., 2003, 2004 and 2007). Fig. 5.1(b) presents an 
ultrasonic elliptical vibrator where some PZT actuators are stacked orthogonally into 
a metal block and a tool is set at the end of device. When exciting voltages are 
applied, the device gets resonated in the second and fifth resonant mode of 
longitudinal and bending vibration, respectively [Suzuki et al., 2007]. The vibrator 
then vibrates elliptically at a frequency, , in ultrasonic range (for example, 20, 30, 
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(i.e. x-axis) and  in thrust directions (i.e. y-axis) by combining these two resonant 




















                          (b) 
Fig. 5.1 (a) The schematic of UEVC principle; (b) Ultrasonic elliptical vibrator with 
stacked PZTs and its vibration modes. 
 
Fig. 5.2(a) illustrates the cutting principle at four different states in each vibration 
cycle (Shamoto et al., 1994). Fig. 5.2(b) shows the corresponding states of cutting 
force producing in Fig. 5.2(a). At the first instant, , the tool is free of cutting and ot
Supporting points (nodes) 
2nd resonant mode of longitudinal vibration 
5th resonant mode of bending vibration 
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located at the rightward end (state (i)). When cutting starts at time, , as shown in 





















Fig. 5.2 (a) Four different cutting states of an UEVC cycle, (b) the corresponding 
cutting force states ( = Beginning of elliptical cycle, t = beginning of 




After cutting the workpiece for a period, ( br tt  ), the tool vibration speed in thrust 























(iv) End of cutting 
(a) 
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force becomes negative due to negative friction between tool rake face and chip. In 
this stage, the tool assists to pull out the chip away from the workpiece. Finally, the 
cutting ends at in state (iv) when both the tool and workpiece are again in same 
direction (x-axis) and then the tool disengages from the workpiece from to  of 




Shamoto et al., (1994) experimentally observed the cutting force states, due to an 
elliptical vibrator, within a scanning electron microscope (SEM) and developed 
formulas to calculate various time instants: , , , etc. for a cutting tool in each 
cutting cycle. As the friction force between the tool and the workpiece becomes 
reverse, the average cutting force in this method gets significantly reduced and 
thereby increases tool life by decreasing tool wear and improves surface finish. 
bt rt et
  
The locus of an elliptically vibrating tool can be expressed as: 
)cos( tax               …………………………..5.1(a) 
cos( )  tby        …………………………. 5.1(b) 
where,   is the phase shift in vibration and   ( f2 ) is angular velocity of tool. Let 
the workpiece be fed in x-axis at nominal cutting speed, , during cutting. Thus, the 
relative motion locus of tool to workpiece is: 
cv
tvctax  )cos(     ………………………….. 5.2(a) 
cos( )  tby       ………………………….. 5.2(b) 
 
By differentiating Eq. 5.1(a), the tool vibration speed in the cutting direction (i.e. x-
axis) can be calculated as: 
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dxvt  …………………………. (5.3) 
 
Thus, the maximum tool vibration speed in the cutting direction (i.e. x-axis) can be 
obtained as: 
faavt  2)( max   ………………………..…. (5.4) 
 
The speed ratio,  in the UEVC method can be defined as the ratio of cutting speed 
to the maximum tool vibration speed: 
sR
favvvR ctcs 2/)/( max  ……………………. (5.5) 
 
The thumb rule of UVC method is to obtain pulse cutting state between the cutting 
edge and workpiece in each vibration cycle, which significantly reduces the cutting 
force. For this, the value of cutting speed,  in the UEVC method is set to be lower 




5.3 Cutting Conditions 
The experimental set up and procedure for studying the effect of cutting parameters in 
the UEVC method have been described in Section 3.3.6.1 in Chapter 3. Table 5.1 
shows the cutting conditions applied for the UEVC method and Table 5.2 shows the 
tool geometry and vibration parameters. Both the tables also show that the calculated 
maximum tool vibration speed is larger than the workpiece cutting speed (i.e. 
). Thus separating type vibration cutting is maintained in these tests. For 
comparative analysis of cutting performance, the set of cutting conditions used in the 
Expt. no. 10 has been applied for the CC method.  
ct vv max)(
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Table 5.1 Cutting conditions for observing the effect of cutting parameters in UEVC 
method: (Operation type: Turning; coolant type: mist). 




pa  (µm) 
Feed rate 
rf (µm/rev) Rotational 





1 2 20 60 7.54 0.257 
2 4 20 60 7.54 0.257 
3 6 20 60 7.54 0.257 
4 8 20 60 7.54 0.257 
5 4 15 60 7.54 0.257 
6 4 10 60 7.54 0.257 
7 4 5 60 7.54 0.257 
8 4 5 80 10.05 0.343 
9 4 5 40 5.03 0.172 
10* 4 5 20 2.51 0.086 
11 4 1.67 60 7.54 0.257 
*CC test, for comparison with the UEVC results, also has been conducted at this set 
of cutting conditions. 
 
Table 5.2 Tool geometry and vibration parameters (fixed). 
Tool Geometry Tool vibration parameters 
Tool type PCD (DA150) Frequency,  f 38.87 kHz 
Rake angle,    00 a  2 µm 
Clearance angle,  110 
 
Amplitudes  
b  2 µm 
Approach angle 300 Phase shift,    900 
Nose radius,  nr 0.4 mm Max. vibrating speed,   max)( tv 29.31 m/min 
 
5.4 Results and Discussions 
5.4.1 Effect of Cutting Parameters on Force Components 
In this section, the effects of all the cutting parameters: DOC, feed rate and cutting 
speed on the force components are investigated by Figs. 5.3, 5.4 and 5.5, respectively.  
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Though different cutting durations were required for cutting the same area of about 
1257 mm2 at different cutting conditions in this study, the force components were 
noted at four cutting periods: initial (at 5-6 seconds), 2, 4 and 6 minutes.  
 
For all the parameters, it is observed that the thrust component is the highest 
ompared to both the tangential and axial components, while the axial component is 
 
igs. 5.3 (a)-(c) show the effect of DOC on the force components in the UEVC 
f 20 µm and cutting speed of 7.54 m/min. It can be seen that 
c
the lowest. This may be due to the following two reasons. In general, for extremely 
sharp cutting tool, the tangential or cutting component is higher, lower or equal 
compared to the thrust component for positive, negative or zero rake tools, 
respectively. However, during ultraprecision machining of materials with a PCD tool 
having a certain edge radius, the effective rake angle becomes negative which causes 
the thrust force to be higher than the tangential force (Oomen and Eisses, 1992). 
Secondly, in cutting of sintered WC, the PCD tool started to wear at the beginning 
(for example, at 5-6 seconds) which decreases the edge sharpness of the tool and 
increases the edge radius correspondingly.  
 
5.4.1.1 Effect of DOC 
F
method at a feed rate o
the initial force values are approximately same for all the cutting conditions. As the 
cutting progresses, the force components increase with the increase in DOC in the 
UEVC method except for the thrust force at 2 µm DOC. It is assumed that due to a 
number of high vibration impacts (at ultrasonic frequency) on the tool tip and tool 
rake face by the hard metal sintered WC, only the 2 µm DOC of the PCD tool could 
not resist the impact force in the cutting direction. Once the tool chipped off at the 
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beginning of cutting, rubbing action took place at the tool edge-workpiece interface in 
the thrust or radial direction. This is why the thrust force at 2 µm DOC is extremely 
high as compared to either 4 µm or 6 µm DOC, while cutting sintered WC with PCD 
























                                (c) 
ig. 5.3 Effect of DOC on the force components against cutting time at a feed rate of 
 cutting speed of 7.54 m/min: a) thrust component; b) 
tangential component; and c) axial component.  
5.4.1.2 E
he effect of feed rate on the force components at different time interval can be 

















ffect of Feed Rate 
T
observed in Figs. 5.4 (a)-(c).
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UEVC method, it was fixed at this value in the study on the effect of feed rate. It is 
observed that the higher the feed rate, the higher the force components with the 
increase in cutting time in the UEVC method, which accords the general rule in the 
CC method.  
  




                              (c) 
ig. 5.4 Effect of feed rate on the force components against cutting time at a DOC of 
4 µm and cutting speed of 7.54 m/min: a) thrust component; b) tangential 
 c) axial component. 
Though ts at the initial cutting did not differ 
istinctly, the axial component was an exception. This might be due to the following 
















the thrust and tangential componen
d
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the axial direction and responses for high force in this axis. Thus, the 5 µm/rev feed 
rate resulted in smaller axial force compared to the higher feed rates (e.g. 10, 15 and 
20 µm/rev) tested as shown above.    
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ig. 5.5 Effect of cutting speed on the force components against cutting time at a 
DOC of 4 µm and feed rate of 5 µm/rev: a) thrust component; b) tangential 
component and c) axial component. 














Figs. 5.5 (a)-(c) show the relationship between the force components and the cutting 
ifferent cutting speeds in the UEVC 
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forces in this method increase with the increase in cutting time and cutting speed. 
 on tool flank 
ear are shown in Figs. 5.6 (a), (b) and (c), respectively. Fig. 5.6(a) demonstrates that 
d to other DOCs. This is 
eed might be 
xplained as discussed in the previous section. Actually, one of the major limitations 
However, at the initial (at 5-6 seconds) the thrust and tangential components varied 
significantly. It may be because, as the cutting speed increases, there is increased 
possibility of uncut material remaining on the workpiece between two successive 
vibration cutting cycles. This remaining uncut material may affect the tool flank edge 
(or flank face) if enough clearance angle is not maintained in the tool geometry 
(Shamoto and Moriwaki, 1994). This leads to an increase in the thrust force with the 
increase in cutting speed. Moreover, the relative speed between the tool and the 
workpiece during their opposite directional motion (in x-axis in Fig. 5.1(a)) would 
increase that led to increase the tangential force in the UEVC method. 
 
5.4.2 Effect of Cutting Parameters on Tool Flank Wear 
The effects of cutting parameters: DOC, feed rate and cutting speed
w
the flank wear width at 2 µm DOC is lower as compare
because when the tool nose chipped off at this DOC at the beginning of cutting (stated 
in previous section), the cutting is mainly dominated by the tool by rubbing action at 
the nose. Since a smaller DOC gives a small width of tool flank in the cutting 
direction, the flank wear width was small at the small DOC (e.g. 2 µm). 
 
Figs. 5.6 (b) and (c) reveal that the tool flank wear increases with the increase in both 
the feed rate and cutting speed. The finding for the effect cutting sp
e
in the UVC method is setting of the cutting speed. If the cutting speed is set equal or 
more than the maximum tool vibration speed, then the cutting becomes conventional 
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cutting (CC). Moreover, as the cutting speed increases, the possibility of interaction 
between the tool flank and the finished workpiece behind the tool nose also increases, 
which leads to more flank wear in the UEVC method (Shamoto and Moriwaki, 1994; 


































































                       
                               (c) 
ig. 5.6 Effect of cutting parameters on tool flank wear: a) effect of DOC (feed rate: 
20 µm/rev and cutting speed: 7.54 m/min); b) effect of feed rate (DOC: 4 µm 
ing speed: 7.54 m/min); c) effect of cutting speed (DOC: 4 µm and 
ev). 
The too
under SEM sequentially as seen in the Figs. 5.7 (a)-(d). Figs. 5.7 (a)-(b), (a)-(c) and 












feed rate: 5 µm/r
 
l flank wear characteristics at different cutting conditions have been examined 
(c
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speed, respectively. As discussed above, it is clear that the tool flank wear width is the 
smallest in Fig. 5.7(d), i.e. at 4 µm DOC, 5 µm/rev feed rate and 2.51 m/min cutting 
speed.  Thus it is understood that the PCD tool life increases with the decrease of the 




   
 
 
Figs. 5.8( e the effect of the cutting parameters on surface roughness 




) DOC: 4 µm, feed rate: 20 µm/rev,    







(b) DOC: 6 µm, feed rate: 20 µm /rev, 














(c) DOC: 4 µm, feed rate: 5 µm /rev, 
utting speed: 7.54 m/
ig. 5.7  SEM photographs of PCD tool fl
the UEVC tests. 
c min                                                                
(d) DOC: 4 µm, feed rate: 5 µm /rev, 
cutting speed: 2.51 m/min 





5.4.3 Effect of Cutting Parameters on Surface Roughness   
a)-(c) demonstrat
v
   Feed direction 
    Feed direction    Feed direction 
   Feed direction 
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and Rz values are found to be the lowest at 4 µm DOC compared to a lower DOC of 2 
µm and a higher DOC of 6 or 8 µm in the UEVC method. Generally, the roughness 
value increases with the increase in DOC in a similar trend to the CC method. 
However, at 2 µm DOC, the tool failed at the start of cutting as discussed in the 
earlier sections. Since only rubbing action took place at the tool nose, the worn PCD 
tool produced high surface roughness values throughout the cutting. In contrast, the 
cutting quality improved at 4 µm DOC as the force components and the tool wear 
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                             (c) 
ig. 5.8 Effect of cutting parameters on surface roughness: a) effect of DOC (feed    
rate: 20 µm/rev and cutting speed: 7.54 m/min); b) effect of feed rate (DOC: 












and feed rate: 5
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) DOC: 4 µm, feed rate: 20 µm/rev, 
utting speed: 7.54 m/min                                                           
(b) DOC: 6 µm, feed rate: 20 µm /rev, 
cutting speed 7.54 m/min 
) DOC: 4 µm, feed rate: 5 µm /rev, 
utting speed: 7.54 m/min                                                                
(d) DOC: 4 µm, feed rate: 5 µm /rev, 
cutting speed: 2.51 m/min 
ig. 5.9 Nomarski photographs of machined surface of WC at different cutting 
conditions in the UEVC tests. 
he figures also reveal that the roughness values increase with the increase in both the 
feed rate the CT method. Figs. 5.9 (a)-(d) show the 

























 and cutting speed, just like 
p
(a)-(c) and (c)-(d) compare the effect of DOC, feed rate and cutting speed 
respectively. By comparing these resulting surfaces at different conditions stated, it 
can be finally concluded that the set of cutting condition of 4 µm DOC, 5 µm /rev 
feed rate and 2.51 m/min cutting speed (i.e. test no. 10) results in better cutting 
performance as compared to the other conditions tested (tests 1-10 in Table 5.1) for 
the UEVC method.  
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5.4.4 Parameters Selection for Improving Cutting Performance: a Case Study 
The study in this section aims to find out whether the cutting performance in the 
UEVC method can further be improved compared to the best cutting results found for 
he 
ng area and 
verage and maximum surface roughness. It is observed that both the cutting force 
 
the test no. 10 in the previous sections. This has been carried out by varying t
related parameters but keeping the same machining rate (i.e. machining area/time) for 
the same cutting area (1257 mm2). That means the same machining rate has been 
applied by decreasing the feed rate and increasing the speed ratio (see Eq. 5.5) for 
another set of cutting conditions (test no. 11) to observe the variation of cutting 
performances in all aspects. Let the test nos. 10 and 11 are considered as case 1 and 
case 2, respectively. For case 2, the feed rate has been set to one-third of 5 µm/rev 
(i.e. 1.67 µm/rev) where the speed ratio has been set to three times of 0.086 (i.e. 
0.257). Thus, the machining conditions for case 1 are 5 µm/rev feed rate and 0.086 
speed ratio and for case 2 these are 1.67 µm/rev and 0.257, respectively.  
 
Fig. 5.10 presents the cutting performance for both the cases in terms of resultant 
cutting force at 20 seconds, tool flank wear after 1257 mm2 machini
a
and flank wear for case 2 (0.720 N and 29 µm, respectively) were reduced to about 
75% of that case 1 (0.913 N and 39 µm, respectively) leading to longer tool life in 
case 2 for the same cutting area with the same machining time. Furthermore, the 
roughness values in case 2 improved by about 25% compared to those in case 1 
(0.036 µm) and an ultraprecision surface finish of Ra of 0.027 µm has been achieved. 
 
Generally, a higher feed rate in machining results in a higher tool wear land at the 
nose area toward flank face. Fig. 5.11 shows the SEM photographs of flank faces of
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1 2 3 4
1) Cutting force (N); 2) Flank wear (mm) x 10; 
3) R a  (m) x 10; 4) R z  (m) x 10. 
CD tools used, where the tool flank wear for case 1 (Fig. 5.11(a)) and case 2 (Fig. 
ig. 5.10 Performance comparison between case 1 and case 2 in the UEVC method: 
(case 1: 5 µm/rev feed rate and 0.086 speed ratio (test no. 10); case 2: 1.67 
µm/rev feed rate and 0.257 speed ratio (test no. 11)). 
 
 
  (a) 
e 2: 
5.11(b)) are 39 µm and 29 µm, respectively. Due to comparatively higher tool wear in 
case 1 as seen in Fig. 5.11(a), the possibility of uncut material in workpiece axis is 


















   (a)                                                               (b) 
ig raphs of flank faces
case 1: 5 µm/rev feed rate and 0.0
1.67 µm/rev feed rate and 0.
F . 5.11 SEM photog of  case 1 and case 2:
86 speed ratio (test no. 10); (b) cas
257 speed ratio (test no. 11). 
 PCD tools used in
Flank wear width Flank wear width 
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Figs. 5.12 (a) and (b) show the roughness profiles (Taylor-Hobson) and their 
surface p
ig  case 1: 
5 µm/rev feed rate and 0.086 speed ratio (test no. 10); (b) case 2: 1.67 
µm/rev feed rate and 0.257 speed ratio (test no.11). 
for the ca
 is brighter and smoother as compared to that in case 1. As the possibility of uncut 
corresponding average and maximum roughness values (Ra and Rz) of machined 
roduced in case 1 and case 2, respectively. The cutting at high feed rate in 
case 1 resulted in uncut material on the finished surface that can be identified by a 
number of spectrums above 0-0 line in Fig. 5.12(a), whereas no significant spectrum 
was seen in case 2 (Fig. 5.12(b)). 








F . 5.12 Su  machined surfaces in
(b) (a) 
rface profiles (T-H) of  case 1 and case 2: (a)
 
Figs. 5.13 (a) and (b) present Nomarski photographs of the machined surfaces (100x) 
ses 1 and 2, respectively. It is clearly seen that the surface produced in case 
2
material at low feed rate is lower, the appearance of finished surface looks fine in case 
2. Moreover, the finished surface in case 1 contains some adhered pits whereas it is 
negligible in case 2. Thus for the same machining rate, the cutting performance in the 
UEVC method can be improved significantly by decreasing the feed rate rather than 
the speed ratio. 
Traverse length (mm) 
Feed direction 
Case 2: Ra = 0.027 µm 
             Rz = 0.162 µm 
µm 
 Feed direction 
µm 
Spectrums  
Case 1: Ra =  0.0
0.20
36 µm  
9 µm              R  =  z
Traverse length (mm) 
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Feed direction Feed direction 
 
    (a)                                                               (b) 
photographs (100x) of machined surfaces of WC in case 1 and 
case 2: (a) case 1: 5 µm/rev feed rate and 0.086 speed ratio (test no. 10); (b) 
case 2: 1.67 µm/rev feed rate and 0.257 speed ratio (test no. 11).    
they are n he speed 
tio or cutting speed applied in the case 2 is higher than that in the case 1. As the 
and CC 
thods has been carried out in terms of force components, tool flank wear, average 
Fig. 5.13 Nomarski 
 
However, in the case 1, the grooves on the machined surface are very clear, whereas 
ot clearly seen in the case 2. It may be due to the following fact. T
ra
speed ratio increases, the relative motion between the tool and the workpiece also 
increases that would lead to a higher effective DOC in UEVC method. When cutting a 
very hard and brittle material like WC, if the effective DOC exceeds the DOCcr of 
that material then brittle fracture due to machining would appear. Thus, setting a 
suitable speed ratio is also a big factor as this parameter has direct relation in the 
UEVC principle (Section 5.2). The relationships between the machining parameters 
and maximum effective DOC in the UEVC method can be referred in Chapter 8. 
   
5.4.5 Performance Comparison: the UEVC and CC Methods 
In this study, comparison of cutting performances between the UEVC 
me
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and maximum surface roughness, roughness profile. The set of cutting condition 
ig. 5.14 Comparison of cutting performance between the UEVC and the CC methods 
at 4 µm DOC, 5 µm /rev feed rate and 0.086 speed ratio: (a) comparison of 
force components; (b) overall cutting performances. 
componen he force increases with 
e cutting time in both the cutting processes due to wear progression. However, the 
where the UEVC method performs better (test no. 10) among tests 1-10 has been 
considered for this comparison. So the cutting condition for the CC method was 4 µm 
DOC, 5 µm /rev feed rate and 0.086 speed ratio.    
 







                                                                                             
F
 
Fig. 5.14 (a) shows the comparison of the UEVC and CC method in term of the force 
ts against the cutting time. It is not surprising that t
th
rate of progression is different as the rate of increase is significantly higher in the CC 
method compared to the steady progress in the UEVC method. Fig. 5.14 (b) shows 
overall comparison between these two methods in terms of resultant cutting force, 
flank wear and roughness values Ra and Rz at 4 µm DOC, 5 µm/rev feed rate and 2.51 
m/min cutting speed (i.e. 0.086 speed ratio in the UEVC method). Results show that 







1 2 3 4
1) Cutting force (N); 2) Flank wear width (m) x10; 
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cutting force (at 20 seconds) in the UEVC method was reduced to about 22-54% of 
that of the CC method. The high forces in the CC method are due to continuous 
interaction between the tool and workpiece whereas non-continuous and then reverse 
cutting mode in the UEVC method drastically reduce the cutting force (Shamoto and 
Moriwaki, 1994). Furthermore, the elliptical motion of the cutting tool in the UEVC 
method reduces the effective DOC in each cycle of vibration that assists to reduce the 
material load on the rake face accordingly and hence leading to lower the cutting 
force. 
 
It is also observed that the flank wear width is not distinctly higher in the CC method 
as compared to that in the UEVC method (about 90%). This is because, in the CC 
ethod, the workpiece continuously pushes the tool for a constant width along with m
the edge between the major and minor flanks of the tool. In this method, the flank 
wear width is dependent on the DOC used. On the other hand, the effective rake and 
clearance angles in the UEVC method continuously varied in each vibration cycle and 
the effective clearance angle is maximum at the entrance of tool into workpiece in 
each vibration cycle as seen in Fig. 5.1(a) (Shamoto and Moriwaki, 1994). Hence any 
possibility of interaction between the tool flank and workpiece may result in high tool 
wear land which explains the high tool flank wear observed in this experiment. If a 
sufficient clearance angle of the tool is maintained, there would be lower possibility 
of this type of wear. However, it is observed that both the Ra and Rz values are high in 
the CC method as compared to that in the UEVC method. Average surface roughness 
Ra of 0.036 µm was achieved with the UEVC method while 0.056 µm was achieved 
with the CC method on same cutting area of about 1257 mm2 which means that the 
surface roughness could be improved by about 35% by applying the UEVC method.  
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  (a)                                                                       (b) 
ig. 5.15 Cutting perf CC method: (a) surface profile (T-H) and (b) 
Nomarski photograph (100x). Conditions: 4 µm DOC, 5 µm /rev feed rate 
an
(a)                   Traverse length (mm)                     (b)                  Traverse length (mm) 
ig. 5.16 Comparison of T-H profiles (close-up) between (a) the UEVC and (b) the 
CC method at DOC 4 μm, feed rate 5 µm/rev and cutting speed 2.51 m/min. 
n be 
compared
nder the same cutting conditions. Fig. 5.16 also shows two close-up T-H profiles of 
F ormance with the 










Fig. 5.15(a) shows a typical roughness profile produced by the CC method that ca
 with the roughness profile presented in Fig. 5.12(a) for the UEVC method 
u
the machined surface produced by these two methods. Both the brittle spectrum and 
uncut material spectrum (above and below 0-0 datum, respectively) on the finished 




 Feed direction 
Brittle spectru
Traverse length (mm) 
Ra = 0.0556 µm    
Rz = 0.3854 µm 
Feed direction Feed direction 
(UEVC m (CC method)ethod) 
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consecutive passes of the tool edge over the workpiece reduce the critical DOC 
(Suzuki et al., 2004) which might result in ductile mode cutting. In contrast, the CC 
method is not able to produce brittle-fracture free surface in machining of hard and 
brittle materials at DOC beyond 1 µm (Brehl and Dow, 2008). This explains the 
appearance of brittle spectrums on the surface produced in the CC method. In 
addition, the uncut material spectrums are due to comparatively high tool wear at nose 
area in the CC method as seen in Fig. 5.14(b). 
 
The Nomarski photograph of machined surface by the CC method is shown in Fig. 
5.15(b). Due to the reasons stated above, the finished surface looks uneven and seems 
 have dark grooves. Therefore, the surface finish of sintered WC using the PCD 
r, tool life 
nd surface roughness, etc. greatly varies with rake and clearance angles and nose 
l., 1994). On the contrary, the CUVC 
to
tools can be improved by applying the UEVC method, and the cutting performance of 
the PCD tools could be enhanced in the ultraprecision cutting technology. 
 
5.5 Effect of Tool Geometry in UEVC 
It is well established that the CC performance such as regenerative chatte
a
radius of a tool (Liu and Liu, 1985; Tarng et a
performance does not very much depend on the tool rake and the clearance angles 
(Xiao et al., 2002; Zhou et al., 2006). Rather, a tool of zero rake angle in 
ultraprecision machining makes the tool set up easier (Zhou et al., 2006).  However, 
the tool nose radius in the CUVC process is one of the vital parameters determining 
such cutting performance (Xiao et al., 2003). They also reported that the CUVC and 
the CC methods showed the best cutting performance at different tool nose radii. 
Since an optimized tool nose radius is different for the CUVC from the CC method; it 
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may also be different for the UEVC method. Thus, the effect of the nose radius in the 
UEVC method needs to be investigated.  
 
This section aims to investigate the effects of different tool nose radiuses on the 
UEVC performances. Commercial PCD tools (DA150) are applied for machining 
sintered WC (~15% Co), as this tool-workpiece combination has been successfully 
erations with air coolant has been conducted 
 these experiments instead of turning with mist coolant conducted for the previous 
facing; coolant type: air). 
Tool geometry Cutting parameters 
studied in the previous section 5.4. The cutting performances are evaluated in terms of 
output parameters, e.g. cutting force, tool wear and surface roughness. The 
experimental findings are also analyzed. 
 
The experimental setup and procedures have been described in 3.3.6.2. Table 5.3 
presents the cutting conditions. Facing op
in
experiments as shown in Table 5.1. The tool vibration parameters (f, a, and b) 
described in Table 5.2 remain same for the experiments in this section.   
 
Table 5.3 Tool conditions for geometry tests in UEVC method: (Operation type: 
 
Expt. 
No. Nose radius 
(mm) 
Rake Clearance DOC, pa  4 µm 
12 0.2 00 110 Feedrate, 3 µm/rev rf  
13 0.4 110 Rotation  00 al speed, n  20 rpm
14 0.6 00 110 Cutting pe s ed, /min cv  2.51 m
15 0.8 00 110 Speed ratio*, 0.086-0.070 sR  
* The tool vibration parameters (f, a, and b) are same as provided in Table 5.2. The 
speed ratios (Rs  outer dia and 0.070 at 32.8 inner dia. 
 
) are 0.086 at 40 mm
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5.5.1 Effects of Nose Radius: the Theoretical Phe
F .17 illust  the theore l pheno n of ol ose 
or a cutting condition where the depth of cut,  is too small compared to the nose 
e) performs
nomenon 
ig. 5 rates tica meno the effect of to  n radius, nr  on 
the force components during the CC process, which was explained by Chen (2000). 
paF
radius, the curved part of the cutting edge (i.e. the tool nos  the entire 
cutting job.  The maximum cutting edge angle, K is calculated where the cutting 
edge meets the outer surface of workpiece. The relationship between the maximum 












rK cos   …………………………….. (5.6) 
 
 
ig. 5.17 Effect of tool nose radius on cutting force components (Chen, 2000). 
or a fixed value of depth of cut, the value of only depends on the nose radius of a 
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can be seen in Figs. 5.17 (b) and (c). Moreover, an increase in a nose radius increases 
ac
spalling, resulting in a short tool life (Chen, 2000). Furthermore, it results in a higher 
u hness according to the following formula (Vyas and Shaw, 
1999). 
the overlap factor, μ, which can be calculated from the ratio between the overlap-
length surface, 0f  of the workpiece being m hined in the present pass and the feed 
rate ( rf ). The increase in overlap factor may cause regenerative chatter in the CC 
process (Xiao et al., 2003). Since a larger nose radius can lead to cutting instability 
due to these two above reasons, the tool nose radius are chosen as small as possible in 
the CC process. In contrast, a smaller nose radius may cause temperature and stress 
concentration due to a comparatively smaller tool tip area and increase the likelihood of 










   …………………………………. (5.7) 
chatter-suppressing dynam
 
However, in contrast to the CC process, the 1-D UVC process possesses regenerative 
ics which improve machining accuracy (Xiao et al., 2003). 
It wa p s better at a comparatively higher 
nose radius due to the chatter-suppressing dynamics, though an extreme increase in 
nose radius of a cutting tool may again destroy this dynamics. Since the 2-D UVC 
(i.e. UEVC) process shows the best machining accuracy (Ma et al., 2004), it is 
assum d that the UEVC process also performs better at a larger nose radius.   
 
5.5.2 Effect of Nose Radius on Force Components 
 a fresh tool, all the force values are captured at 1 min cutting time in 
these tests. Fig. 5.18 shows the variation of the thrust, the tangential and the axial 
orted that the 1-D UVC process perform
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rce components, respectively, for four different tool nose radiuses. It is firstly 
st, followed by the tangential 
ig. 5.18 Variation of the cutting force components against different tool nose 
radiuses in the UEVC technique. 
 
It can be observed that the thrust component increases and the axial component 
decreases with the increase in tool nose radius. According to the Eq. (5.6), the 
maximum from 11.48o for a 0.2 mm nose radius to 
.73o for a 0.8 mm nose radi  the nose radius increases, the maximum cutting 
studied in section 5.5.1. It is also seen that the increase in the tangential component 
previous findings (Chen, 2000). Therefore, the observations regarding the force 
om
observed that the thrust component is the highe
component and the axial component is the lowest. During precise finish cutting, this 









cutting edge angle, rK decreases 
5 us. As
edge angle decreases resulting in a larger thrust force ( yF ) and a smaller axial force 
( ). Thus, this finding has a good agreement with the theoretical phenomenon 
( ) with the increase in nose radius is not significant, which is similar to the 
c ponents in the UEVC tests accord the rule of the CC and the CUVC processes 
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However, it can also be observed that the thrust force suddenly increases for a 0.8 mm 
nose radius. As explained in section 5.5.1, this may be due to a quick increase in 
thrust force, which destroys the regenerative chatter-suppressing dynamics.     
 
5.5.3 Effect of Nose Radius on Tool Wear 
A suitable tool nose radius helps to lengthen the tool life by preventing regenerative 
























ear widths due to four different nose radii after 60 mins machining time. It can be 
 results in minimal flank wear compared 
Fig. 5.19 Tool flank wear width at various tool nose radiuses in the UEVC method.  
 
Fig. 5.20 shows SEM photographs of the flank wear lands at various nose radiuses. It 
can be seen that the tool worn out maximum (37.5 µm) at 0.2 mm nose radius 
e 
tool life in the UEVC process when machining sintered WC using PCD tools. 
w
interestingly found that a 0.6 mm nose radius
to both a lower (e.g. 0.2 or 0.4 µm) and a higher (e.g. 0.8 µm) nose radius. The 
maximum flank wear (VB) at 0.6 mm nose radius is 19 µm whereas it is 27 µm at 0.4 
mm and 25 µm at 0.8 mm. Therefore, the flank wear for a 0.6 nose radius is about 








whereas it is minimal (19 µm) at 0.6 mm. Thus a 0.6 mm nose radius prolongs th
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However, the wear lands at 0.4 and 0.8 mm nose radiuses are of similar patterns and 
      
      
he  
cti
 C ess shows better cutting 
stability a tial of regenerative chatter-








37.5 µm 27 µm 
 
  (a) = 0.2 mm                                        nr (b)  = 0.4 mm  nr
 





   (c)  = 0.6 mm                                     
EM photographs of PCD tool flan
UEVC method.  
findings for a larger nose radius can
on 5.5.1. Though a smaller nose radius is
 nr (d)  = 0.8 mm 
k at various tool nose radiuses in the 
be explained by aforementioned reasons in 






in the CC process (Chen, 2000), the 1-D UVC or UVC proc
t a larger nose radius because of a higher poten
su
tests in this study shows the lowest tool flank wear at a comparatively larger nose 
radius (e.g. 0.6 mm in Fig. 5.20(c)). However, the chatter-suppressing dynamics may 
be destroyed for an extremely larger nose radius (e.g. 0.8 mm) due to quick increase 
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in thrust force component (Xiao et al., 2003). The findings shown in the Fig. 5.19 and 
5.20(d) confirm this phenomenon. Thus, when machining sintered WC using PCD 
tools, a 0.6 mm nose radius in the UEVC process extends tool life by compromising 
with the chatter-suppressing dynamics.  
 
5.5.4 Effect of Nose Radius on Surface Roughness 
Fig. 5.21 shows the effect of different nose radii on aR  and zR  in cutting of WC 
using PCD tools. Subsequently, Fig. 5.22 shows the corresponding T-H profiles of the 


























    
ig. 5.21 Averages and maximum surface roughness values at various tool nose 
radiuses. 
 
Both the figures illustrate that a 0.6 mm nose radius produces a highly precise surface 
(0.0101 µm  and 0.0610 µm ) as compared to the other nose radii; though a 0.8 
the  values for a 0.4 and a 0.8 mm nose radius (Figs. 5.22(b) and (d)) are 
comparable with a 0.6 mm nose radius (Fig. 5.22(c)). The surface roughness spectrum 








 aR  zR
mm nose radius is still incomparable in terms of the aR  value (0.0110 µm).  However, 
zR
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roughness spectrums for a 0.4 and a 0.8 mm nose radius in Figs. 5.22(b) and (d). The 
higher values of zR  for a 0.4 and a 0.8 mm nose radius indicate that they may produce 
fractured surface. However, a 0.2 mm nose radius produces worst surface (0.0282 µm 






             Traverse ngth (mm)                                           Trav
 









erse length (mm) 
 = 0.2 mm                                                  (b)  = 0.4 mm 
) 
 = 0.6 mm                                                (d)  = 0.8 mm 
Fig. 5.22 T-H profiles of the machined surfaces at different tool nose radiuses. 
Fig. 5.23 shows the Nomarski photographs of the machined surfaces at 5 mins and 58 
ns cutting tim hic t 500x magnification. It i
here that the surface produced at a 0.2 mm nose radius is worst (Fig. 5.23(a)). Also, 
could not sustain the cutting up to 60 mins and hence produced very highly fractured    






      Traverse length (mm)                                          Traverse length (mm
nr  nr
h are captured a s again observed 
since the tool of 0.2 mm nose has the highest flank wear rate (Figs. 5.19 and 5.20), it 
Ra = 0.0282 µm 
Rz = 0.1440 µm 
Feed direction 
µm 
Ra = 0.0101 µm 
Rz = 0.0610 µm 
Feed direction 
µm 
Ra   = 0.0110 µm






a = 0.0139 µm 
Rz = 0.0687 µm 
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                             At 5 min                                                     At 58 min 
   (a)  = 0.2 mm                                  n
 
r
   (b)  = 0.4 mm 
   (c) 
 
   (d)  = 0.8 mm   
 
faces at various tool nose radiuses. 
nr
 










Feed (traverse) direction  nr
Fig. 5.23 Nomarski photographs of machined sur
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surface compared to the other nose radii. Among the other three nose radii, a 0.6 mm 
nose radius produces the best surface till 60 mins as the cutting grooves in cutting 
direction even at 58 mins are clearly seen compared to that for a 0.4 and a 0.8 mm 
nose radius. The surface produced at a 0.8 mm nose radius having fractures even in 
the beginning of the cutting (e.g. at 5 mi ig. 5.23(d)). As the regenerative chatter, 
es into effect at the largest nose radius (0.8 mm) due 
 quick decrease in maximum cutting edge angle, the chatter-suppression dynamics 
 
n the UEVC process 
chieves comparatively higher regenerative chatter-suppressing dynamics resulting in 
A study on the UEVC method has been carried out to investigate the effect of cutting 
parameters (in turning operations with mist coolant) and tool geometry (in facing 
operations with air coolant) on cutting performances using commercial PCD tools on 
ns F
as discussed in section 5.5.1, com
to
may be destroyed (Xiao et al., 2003). It is thus considered that the PCD tool cannot
machine the WC workpiece finely at a smaller nose radius (e.g. 0.2 or 0.4 mm) and a 
larger nose radius (0.8 mm) compared to a 0.6 mm nose radius. 
 
Another interesting finding in this study is that a larger nose radius can be used for a 
comparatively higher stable cutting process. According to Ma et al. (2004), the UEVC 
process is highly stable followed by the CUVC process and the CC process is 
comparatively unstable. Following this cutting stability criteria, the UEVC process 
performs better at 0.6 mm nose radius in this study, whereas the CUVC and the CC 
processes performed better at 0.2 mm and 0.02 mm nose radii, respectively (Xiao et 
al., 2003). Thus, it is considered that a 0.6 mm nose radius i
a
better cutting performance in all aspects when machining WC using PCD tools. 
 
5.6 Concluding Remarks 
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sintered WC (~15% Co). A case study has been conducted to justify whether the 
cutting performance of PCD tools in the UEVC method can further be improved by 
arying the related parameters at the same machining rate. Based on the test results in 




e applied for precision manufacturing. 
v
terms of force components, flan
conditions has been established and used in the cutting performance study to compare 
the UEVC and CC methods. The findings on the tests conducted are as follows: 
1. The PCD tools used for machining WC performs better at 4 µm DOC as 
compared to both a lower DOC of 2 µm and higher DOCs of 6 and 8 µm.  
2. The cutting performance improves with the decrease in both the feed rate and the 
cutting speed in the UEVC method, which accords the rule for the CC method.  
3. A lower feed rate in the UEVC method prolongs the tool life significantly. A 
surface roughness, Ra of 0.027 µm is achieved for 1257 mm2 cutting area. 
4. The case study shows that the UEVC performance using the commercial
tools can further be improved by decreasing the feed rate and increasing the speed 
ratio under the same machining rate.  
5. The UEVC method also performs remarkably better in all aspects as compared to 
that of the CC method. A surface roughness, Ra of 0.036 µm is achieved with t
UEVC method whereas 0.056 µm is achieved with the CC method under the same 
cutting conditions. It demonstrates that the surface finish applying the
method is improved by about 35% compared to the CC method. 
6. The improvement in cutting performances in the UEVC method over the CC 
method suggests that this method can b
7. When investigating the effect of tool nose radius in the facing operations with 
mist, a 0.6 mm nose radius performs better in all aspects compared to a smaller 
(e.g. 0.2 or o.4 mm) and a larger (e.g. 0.8 mm) nose radius. 
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8. Though a smaller nose radius is considered for the CC process to avoid 
regenerative chatter, a larger nose radius is suitable in the UEVC process as the 
tive 
tting forces, higher tool flank 
C method. A surface of 0.101 µm Ra and 0.061 
ality surfaces. 
later process has capability of chatter suppression. 
9. The increase in nose radius in the UEVC process may alleviate regenera
chatter resulting in longer tool life and highly precise surface finishing. Thus the 
UEVC process has a good deal with a larger tool nose radius to compromise with 
the chatter-suppressing dynamics. 
10. However, an extreme increase in nose radius may again destroy the chatter-
suppression dynamics due to quick decrease in maximum cutting edge angle and 
increase in thrust force which results in higher cu
wear and worst surface finish.  
11. Facing operations perform better over the turning operations. The optimized DOC 
is 4 µm and the optimized nose radius is 0.6 mm when machining sintered WC 
using PCD tools applying the UEV
µm Rz are achieved at 0.6 mm nose radius with 4 µm DOC.   
12. The test results suggest that the PCD tools of 0.6 mm nose radius can be applied 
on the sintered WC applying the UEVC method at lower the feed rate and the 
cutting speed to produce high qu
 
Since the cutting speed is directly related to the tool-workpiece relative motion in 
cutting direction, the material load on the tool rake would vary for various cutting 
speeds in the UEVC method. The effective cutting direction during UEVC, especially 
at tool entrance-to-workpiece instant, also may affect the cutting performance. The 
next chapter will focus on the effect of cutting speed (or speed ratio) in the UEVC 
method.   
Chapter 6 PCD Tool Wear Mechanism in UEVC Method 
Chapter 6  




Study of tool wear mechanisms in any cutting method is imperative to draw final 
conclusions about the overall feasibility of that specific tool-workpiece combination 
and the cutting process. Though performance of the UEVC method have been studied 
for various tool-workpiece combinations as seen in Table 2.2, Section 2.2.5 in 
Chapter 2 shows that tool wear behavior in the UEVC method have not been clearly 
studied yet.  
 
It has already been demonstrated in Chapter 5 that the commercial PCD tools, under 
the UEVC method, can be successfully used for ultraprecision machining sintered 
WC (~15% Co). These findings motivate the author to conduct further study on the 
machinability of WC using PCD tools. Therefore, PCD tool wear mechanism under 
the UEVC method can be investigated as further study. 
     
The objective of this chapter is to characterize the wear mechanisms of PCD tools 
under the UEVC method while machining sintered WC. Firstly, it presents the 
theoretical aspects of the effects of speed ratio on UEVC performance. Then the 
UEVC experiments are carried out at different speed ratios as the speed ratio 
(explained in Section 5.2 in Chapter 5) greatly influences the UEVC performance. 
The cutting performances such as cutting force, tool flank and rake wear, chip 
formation and surface roughness are observed against cutting time (i.e. interrupted 
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mode of cutting). The interrelationships between such cutting outputs are also 
investigated and analyzed with theoretical aspects. With these observations, the 
dominant tool wear characteristics of the PCD tools under the UEVC method are 
benchmarked.   
 
6.2 Theoretical Aspects: Effect of Speed Ratio 
The UEVC principle has been presented by Fig. 5.1 (a) in Chapter 5. If the 
cutting end time,  in each UEVC cycle is known, then the pitch of vibration locus, P 
between two successive cycles for any speed ratio can be predicted. The cutting end 









t ce  2sin2
1 1             (when rake angle = 0 o) ……………...….(6.1) 
Thus, by using the Eq. 5.2(a), the pitch of vibration locus, P can be obtained as: 
   eceece tvftatTvtTfaP  )2cos()())(2cos(    ……….…. (6.2) 
 
Moreover, by differentiating the Eqs. (5.2(a)) and (5.2(b)), the horizontal and the 
vertical components of relative speed between the tool and the workpiece can be 
found. By considering these two components, Shamoto et al. (1994 & 1999b) 
developed the following formula for predicting the critical cutting directio  crn,   in 










   ……………………………………………(6.3) 
 
It was stated (Shamoto et al., 1994 & 1999b; Ma et al., 2005) that if cr  becomes 
higher than the nominal flank or clearance angle,  of the tool, then interference 
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between the tool flank face and the finished surface in the previous vibration cycle 
takes place. This may result in a higher tool flank wear and worse surface finish.  
 
The effects of the speed ratio in the cutting direction in the UEVC technique can be 
realized by the above equations while the value of is varied and the values of the 
vibration parameters: a, b and f are kept constant. In this case, the value of speed ratio 
depends only on the cutting speed, according to the Eq. (5.5) in Chapter 5. Figs. 
6.1(a)-(d) present MATLAB simulated tool-workpiece relation in the UEVC method 





















(c)                                                                       (d) 
       
Fig. 6.1 Effect of speed ratio on tool-workpiece relative motion in UEVC method at a 
= b = 2 µm, f = 38.87 kHz: (a) Rs = 0.064 (vc = 1.885 m/min); (b) Rs = 0.086 
(vc = 2.513 m/min); (c) Rs = 0.107 (vc = 3.142 m/min) and (d) Rs = 0.129 (vc 
= 3.770 m/min). 
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The tool vibration parameters are a = b = 2 µm, f = 38.87 kHz and , where the 
cutting speeds are 1.885, 2.513, 3.142 and 3.770 m/min, respectively (i.e. R
090

s = 0.064, 
0.086, 0.107 and 0.129, respectively). Fig. 5.1(a) in Chapter 5 has shown that the 
maximum length of vibration pitch between two successive cycles is at the instant  , 
when the cutting ends in each cycle. Thus the pitch of vibration locus, P between two 
successive cycles can be predicted using Eq. (6.1). The values of P for the speed 
ratios: R
et
s = 0.064, 0.086, 0.107 and 0.129 are  m llk PP 0.80825 µm, 
0.92316 µm,   eddc PP   rqqp PP 1.34723 µm and   jiPihP 1.61650 µm, 
respectively, which are shown in Figs. 6(a)-(d). That means the area l-m-n (or k-l-o) 
for the lowest speed ratio 0.064 is the smallest where the area i-j-u (or h-i-w) for the 
highest speed ratio 0.129 is the largest. Now, if unit feed rate in z-axis (i.e. workpiece 
axis in turning) is considered for both the cases, then it is obvious that the material 
volume to be removed by the cutting tool in each cycle of vibration for the former 
case will be lower than that for the later case. Therefore, the material load on the tool 
rake is comparatively higher at a higher speed ratio in the UEVC method.  
 
The value of the critical cutting direction, cr  for various cutting speeds can be 
predicted by the Eq. (6.3). For example, the cr  for the speed ratios 0.064, 0.086, 
0.107 and 0.129 are 10.280, 13.230, 15.990 and 18.580, respectively, in Figs. 6.1(a)-
(d). Therefore, the higher the speed ratio, the larger the cr is. If  the value of 
cr becomes higher than the nominal clearance angle of tool, ,  then instantaneous 
interference between the tool flank face and finished surface in the previous vibration 
cycle occurs. This may lead to higher tool flank wear and results in worse surface 
finish. In order to protect the tool flank face from interfering with the finished 
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workpiece, the flank angle should be chosen so that it is larger than the critical cutting 
direction, cr  for the selected speed ratios.    
   
It is thus understood from this study that if the speed ratio decreases, the material load 
on tool nose in each vibration cycle also reduces. Moreover, possibility of interference 
between the tool flank and finished surface of the previous cutting cycle becomes 
lower. These all will lead to lower cutting force and tool wear and thereby higher tool 
life and improved cutting performance in the UEVC method. 
 
6.3 Cutting Conditions for Tool Wear Experiments 
The experimental set up and procedure for studying the dominant wear mechanisms 
of PCD tools under the UEVC method have been described in Section 3.3.6.3 in 
Chapter 3. Table 6.1 shows the cutting conditions for the tool wear experiments. 
Cutting speed in the range from 1.885 to 3.770 m/min has been varied in these tests 
because the cutting speed directly dominates the UEVC performance as explained in 
the previous section 6.2.  
 
Table 6.1 Cutting conditions for PCD tool wear experiments under UEVC method: 
(Operation type: turning; coolant type: mist). 




pa  (µm) 
Feed rate 
rf (µm/rev) Rotational 





1 4 5 15 1.885 0.064 
2 4 5 20 2.513 0.086 
3 4 5 25 3.142 0.107 
4 4 5 30 3.770 0.129 
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Table 6.2 shows the tool geometry and vibration parameters for the tool wear 
experiments. Separating type vibration cutting is maintained in these tests as the 
UEVC condition is ). Also to realize ductile mode cutting, the cutting 
conditions are set so that the undeformed chip thickness is less than the cutting edge 
radius of the PCD tools used as seen in Table 6.2. 
ct vv max)(
 
Table 6.2 Tool geometry and vibration parameters for PCD tool wear experiments 
under UEVC (Undeformed chip thickness*, = 0.675 µm). maxd
Tool Geometry Tool vibration parameters 
Rake angle,    00 Frequency,  f 38.87 kHz 
Clearance angle,  110 a  2 µm 
Approach angle 300 
 
Amplitudes:  b  2 µm 
Nose radius,  nr 0.4 mm Phase shift,    900 
Edge radius,  Er ~3 µm Max. vibrating speed,   max)( tv 29.31 m/min 
*  calculated using the formula found in Uddin et al. (2004). maxd
 
6.4 Results and Discussions 
6.4.1 Cutting Force and Tool Flank Wear Analyses 
Figs. 6.2(a)-(c) show the measured maximum values of force components: thrust, 
tangential and axial components respectively against cutting time at four different 
speed ratios: 0.064, 0.086, 0.107 and 0.129. They show that, like any cutting process, 
all the force components increase when the cutting time increases. This is due to the 
wear progression of cutting tools against the cutting time  
 
Fig. 6.2(a) illustrates that the tool produces a higher thrust force at a relatively higher 
speed ratio. It is because the possibility of interference between the tool flank and the 
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finished surface at a higher speed ratio is higher as compared to a relatively lower 
speed ratio as explained by the Figs. 6.1(a)-(d) in Section 6.2. Moreover, at a higher 
speed ratio, the effective depth of cut is also higher when the tool tip reaches the 
lowest point in each elliptical cycle, which produces a higher thrust force. Hence, a 
relatively higher thrust force is produced for a relatively higher cutting speed or speed 
































































































Fig. 6.2 Effect of machining time on force components at different speed ratios in the 
UEVC process: (a) Thrust force Fy, (b) Tangential force, Fx and (c) Axial 
force, Fz (DOC 4 µm and feed rate 5 µm/rev). 
 
The observations in Fig. 6.2(b) can also be explained as discussed in section 6.2. If 
the speed ratio increases, the material load on the tool rake face in the cutting 
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direction also increases. This is because of the higher tool-workpiece relative motion 
and hence higher amount of the material volume at a comparatively higher speed ratio 
(Figs. 6.1(a)-(d)). This results in a higher tangential cutting force at a higher speed 
ratio. However, the values of the axial force component at different speed ratios in 
Fig. 6.2(c) are not so significant as compared to the other two components.  
 
It is also interesting to note from these three figures that the thrust component is the 
largest followed by the tangential component. The axial component is the lowest. This 
may be due to the following reasons. Firstly, for the extremely sharp tool cutting 
edge, the tangential or cutting component is usually higher, lower, and equal 
compared to the thrust component for positive, negative, and zero rake tools 
respectively. However, during machining with a tool having a certain edge radius, the 
effective rake angle becomes negative. This causes the thrust force to be larger than 
the tangential force (Oomen and Eisses, 1992). Secondly, in cutting extremely hard 
materials such as sintered WC, the PCD tools start to wear at the beginning which 
decreases the edge sharpness and increases edge radius.  
 
Fig. 6.3 shows the progression of tool flank wear at different speed ratios. Analysis of 
the tool flank wear was carried out as this type of wear is the most important to study 
in the machining operations. It is observed that the tool wear rate is non-uniform 
against the cutting time and the wear rate reaches a steady state following a rapid 
wear from 5 to 15 minutes of cutting. However, both the cutting force and tool flank 
wear against cutting time for Rs 0.064 and 0.086 are significantly lower than that for 
Rs 0.107 and 0.129. These findings show that the PCD tools for machining sintered 
WC performs remarkably better if the speed ratio is less than 0.107.  
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Fig. 6.3 Effect of machining time on tool flank wear at different speed ratios in UEVC 
process (DOC 4 µm and feed rate 5 µm/rev). 
 
The higher cutting force and faster tool flank wear could be due to a higher critical 
cutting direction of the tool at the cutting start point in each vibration cycle at a higher 
speed ratio. It is explained in Fig. 6.1 that the critical cutting direction, cr , at the 
beginning of cutting,  in each vibration cycle, increases with the increase in speed 
ratio. The value of 
bt
cr  for the speed ratios 0.064, 0.086, 0.107 and 0.129 are 10.280, 
13.230, 15.990 and 18.580, respectively. To prevent the tool flank from interfering 
with the finished workpiece, the clearance angle should be chosen beyond 18.580. 
However, in this study, the clearance angle was of 110. So, the flank was more 
affected for the speed ratios 0.086 - 0.129 as compared to that for the lowest speed 
ratio 0.064. As the flank wear increases at higher speed ratio, the cutting force 
components also increase compared to that at lower speed ratio (Fig. 6.2).   
 
The above findings about the force components and tool wear can be summarized by 
the following facts: 
(i) It was shown in Chapter 4 that the cutting speed is one of three important 
parameters in the CUVC process that play a vital role in cutting performances 
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including cutting force, tool wear and surface roughness, etc (Nath and Rahman, 
2008). Though, in general, cutting speed cv  is suggested to be lower than the 
maximum tool vibration speed max)( tv for separating type UVC process, a 
relatively lower cutting speed always offers better cutting performances in all 
aspects while cutting hard-to-cut materials. As the cutting speed increases, the 
speed ratio and hence the tool-workpiece contact ratio (TWCR) also increase 
leading to higher cutting forces and faster tool wear. Since the UEVC is another 
type of the UVC, the same principle can be referred here. 
(ii) As the speed ratio increases, the material load on the rake face in the cutting 
direction increases due to a comparatively larger pitch of vibration, P as 
explained in Section 6.2. For example, the pitches of vibration locus, P for Rs = 
0.064 and 0.129 are 0.808 and 1.617 µm, respectively, as shown in Figs. 6.1 (a) 
and (d). This produces high tangential cutting force. 
(iii) The UEVC produces high thrust force when the tool follows the thrust (or radial) 
direction in its elliptical locus for a high speed ratio. 
(iv) If the critical cutting direction, cr  becomes higher than the nominal tool 
clearance angle,  , then interference between the tool flank and the finished 
workpiece due to the previous cycle happens. This results in tool flank wear and 
hence higher cutting force. 
(v) The force components also increase with the cutting time due to mainly the tool 
flank wear as the cutting progressed as seen in Fig. 6.3.   
 
However, it is observed that the flank wear width of the PCD tool was in micron 
range (< 0.1 mm) and did not cross 50 µm for speed ratio up to 0.107 when cutting 
sintered WC about 50 minutes using the UEVC method. It reveals that compared to 
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the conventional CBN tool used in ductile mode milling experiments on WC by Liu et 
al. (2003), where the flank wear was in macro level, PCD tool is found to be more 
useful in ductile mode ultraprecision cutting of WC applying the UEVC technique.     
 
6.4.2 Tool Wear Progression and Mechanism 
 
Fig. 6.4 shows the rake and flank faces of a fresh PCD tool. Though in ultraprecision 
machining, it is important to use an extremely sharp cutting edge. It can be seen from 
the figure that the cutting edge of the PCD tools used in these test was not so sharp 














    (a)                                                                (b) 
Fig. 6.4 Nomarski photographs of a fresh PCD tool: (a) flank face and (b) rake face. 
 
 
The wear progression of tool flank and rake faces with respect to cutting time for 
speed ratios of 0.064, 0.107 and 0.129 can be examined sequentially by the 
photographs as shown in Figs. 6.5-6.7, respectively. As described with Fig. 6.3, the 
wear progression rate is non-uniform against the cutting time at any speed ratio. Also 
the wear plots for all the speed ratios are not similar. For speed ratio of 0.064, it is 
observed that the tool started to wear at tool nose area at the beginning of cutting (20 
sec) for all the speed ratios. Though it is not so significant and progressed slowly up 
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to 5 minutes (see also Fig. 6.3). However, beyond this, the flank face wore out 
significantly (Figs. 6.5(c) and 6.5(d)). It then again progressed slowly throughout 60 
minutes cutting time as observed in Fig. 6.3.  
 






































    (e) at 20 sec                                                 (f) at 5 min 
Fig. 6.5 Nomarski photographs (100x) of a tool flank ((a)-(d)) and rake ((e)-(f)) face 
at different cutting time (Rs: 0.064, DOC: 4 µm and feed rate: 5 µm/rev). 
 
It is also observed from Fig. 6.5(e)-(f) that the wear at tool rake does not significantly 
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was observed that the round tool nose became flat. It might be due to the continuous 
rubbing action between the tool and workpiece during cutting in each vibration cycle 
of the tool. However, it is also observed that the crater wear on the rake face was not 
significant as the cutting progressed. 
 
Similarly, the tool for the speed ratio of 0.107 started to wear at tool nose area at the 
beginning of cutting (20 sec) and progressed slowly up to 10 minutes (see also Fig. 
6.3, Rs = 0.107). However, beyond this, the flank face wore out significantly (Figs. 
6.6(c) and (d)). It then again progressed slowly throughout 60 minutes cutting time as 
observed by Nomarski photographs in Figs. 6.6(d)-(f). It is also observed from Fig. 
6.6(g)-(i) that the wear at tool rake does not significantly progress against cutting time 
unlike the tool flank wear, however, it failed significantly at 30 mins cutting time as 
seen in Fig. 6.6(j). At this stage, the round tool nose became flat as the cutting 
progressed. It might be due to the continuous rubbing action between the tool and 
workpiece during cutting in each vibration cycle of the tool. However, crater wear on 
the rake face was not observed in these tests.    
 
The wear progression and patterns of cutting tool against cutting time for the speed 
ratio of 0.129 can be examined from the Nomarski photographs in Fig. 6.7. Similar to 
the other speed ratios, it is also observed that the tool started to wear at tool nose area 
at the beginning of cutting (20 sec) and progressed slowly up to 5 minutes (Fig. 6.3). 
However, at 10 min of cutting, a newly marked fractured line on the flank face 
beyond the wear zone on the edge can be seen (in Fig. 6.7(c)), and that seems to lead 
to tool fracturing after 15 minutes of cutting (in Fig. 6.7(d)). However, the flank wear 
rate then progressed slowly up to 60 minutes cutting time (Figs. 6.3 and 6.7 (d)-(f)). It 
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is also observed from Fig. 6.7(g)-(h) that the wear at tool rake does not significantly 
progress with the cutting time unlike the tool flank wear. Crater wear on the rake face 



































 (d) 15 min                             (e) 20 min                              (f) 30 min 





(g) 5 min                    (h) 15 min                  (i) 20 min                   (j) 30 min            
Fig. 6.6 Nomarski photographs (100x) of a tool flank ((a)-(f)) and rake ((g)-(j)) face at 
different cutting time (Rs: 0.107, DOC: 4 µm and feed rate: 5 µm/rev). 
 
Fig. 6.8 shows the SEM photographs of affected PCD tool nose areas and their wear 
lands along with the tool flank for the speed ratios of 0.086, 0.107 and 0.129 after 60 
minutes of machining time. These show that the tool rake wear in the UEVC process 
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 (g) 10 min                                                   (h) 15 min 
Fig. 6.7 Nomarski photographs (100x) of a tool flank ((a)-(f)) and rake ((g)-(h)) face 
at different cutting time (Rs : 0.129, DOC: 4 µm and feed rate: 5 µm/rev). 
 
 
It is understood from these cutting results and investigations that the tool nose area 
begins to wear mainly due to a number of successive impacts between the tool and 
workpiece at high vibration frequency (~ 39 kHz) in the UEVC method. Similar result 
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workpiece used in these UEVC tests contain a high percentage of Co (~15% Co) 
compared to a usual 6-10% Co contained in WC. Though the UVC method is quite an 
impressive cutting technique for the hard and brittle materials, a high percentage of 
Co content makes the workpiece material tougher with higher impact resistance. Due 
to this high impact resistance of the workpiece, the tool starts chipping from the tool 
nose area which progresses towards tool flank after some time. 
 
 








(a)                                         (b)                                        (c) 
Fig. 6.8 SEM photographs of flank faces of PCD tools after 60 minutes of cutting at 
speed ratios: (a) 0.086; (b) 0.107 and (c) 0.129.  
 
It is also observed that, as the cutting progressed, the round tool nose (see Fig. 6.4) 
became flat along the tool flank after 15-20 minutes for all the speed ratios (Figs. 6.6 
(h)-(j), 6.7 (h) and 6.8 (a)-(c)). It might be due to continuous rubbing action between 
the tool and workpiece during cutting in each vibration cycle of the tool. 
 
6.4.3 Chip Analysis 
The chips produced at different speed ratios after 20 sec and 15 min of cutting time 
have also been examined using SEM photographs as shown in Figs. 6.9 (a)-(g). It can 
be observed that the chips produced at 20 seconds cutting time are always broken. 
However, the grooves with typical abrasive traces onto the chip surfaces at 15 minutes 
Feed direction 
Uneven tool rake Uneven rake 
Affected flank zone Affected flank zone 
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cutting time (Fig. 6.9(b), (d) and (g)) for all the speed ratios confirm that the tool 






























(e) at 20 sec (Rs = 0.129)      (f) Close-up of (e)                 (g) 15 min (Rs = 0.129) 
 
Fig. 6.9 SEM Photographs of produced chips after 20 sec and 15 minutes of cutting 
time at different speed ratios (DOC: 4 µm and feed rate: 5 µm/rev). 
 
Usually, abrasive wear takes place if the two materials have close hardness values. 











    Abrasive  
    trace 
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of the sintered WC was abraded by hard particles of the PCD tool. This continuous 
rubbing during cutting in each elliptical vibration cycle results in abrasive wear in the 
cutting tool. It is also assumed in Fig. 6.8(a) that some workpiece material 
compositions were adhered at the tool nose area. Hence, the transfer of the material 
compositions between the tool and the workpiece occurred during the UEVC tests. 
Similar wear behaviour of PCD tools were also observed for other cutting speed ratios 
in these tests.  
 
It can also be observed that the geometry or shape of chips produced for the speed 
ratio of 0.129 at 15 minutes cutting time (Fig. 6.9(g)) is different from that at 20 
seconds (Fig. 6.9(e)). This may be due to non-uniform or uneven tool nose wear 
against the cutting time that resulting in non-uniform and segmented chips. This 
shows that the wear mechanism may not only be dominated by the abrasion wear 
though it exists at the initial cutting stage.       
 
The photographs in Fig. 6.9 also show that the produced chips are broken. However, 
continuous chips were expected from two aspects. Firstly, the UEVC tests in this 
study were carried out under ductile mode (Uddin et al., 2004) by setting the cutting 
conditions (Table 6.2) such that the undeformed chip thickness, dmax, is less than the 
cutting edge radius of tool, . Secondly, it was reported (Suzuki et al., 2004) that the 
UEVC method significantly reduces the nominal DOC in each cutting cycle of 
elliptical vibration and conducts cutting in ductile mode. But it is realized from these 
tests that the ductile mode cutting in micro/ultraprecision machining depends not only 
on the tool geometry, its relation with the cutting conditions and the cutting method, 
but also on the workpiece material properties specially hardness and brittleness.  
Er
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6.4.4 EDX Analyses of Tool Nose and Chips  
Fig. 6.10(a) shows the SEM photograph of rectangular region of Fig. 6.8(c) while 
6.10 (b) shows its EDX examination. Both the examinations of the tool flank face 
indicate that there was a layer formed on the tool nose area. It seems that the layer is 
likely to be a solid solution of the tool and workpiece materials. It also looks like 
some segmented WC pieces, which are adhered to the tool flank face. Fig. 6.10(c)-(d) 
presents the EDX quantitative analysis of Fig. 6.10(b). It reveals that significant 
amounts of W (5.70%) and Co (3.17%) have migrated from the workpiece and 
adhered to the unevenly worn surfaces of the tool flank. This wear behavior is a 
typical attrition-adhesion wear.   
 
6.4.5 Surface Roughness Analysis 
 
The adhered workpiece material to the tool flank and uneven tool wear have some 
adverse effect on the machined surface. Fig. 6.12 shows the average roughness of the 
machined surface versus cutting time at different speed ratios. As the cutting 
progresses, the roughness value also increases. It is observed that the Ra values of the 
machined WC for 0.064 and 0.086 speed ratios do not exceed 0.052 µm after 60 
minutes cutting time while at the beginning it was found to about 0.030 µm. 
Furthermore, the Ra values at these speed ratios much improved as compared to other 
two speed ratios 0.107 and 0.129 as it is 0.076 µm at the largest speed ratio 0.129. As 
the possibility of interaction between the tool flank and the finished surface in the 
previous UEVC cycle is lower in a smaller speed ratio and the cutting force and tool 
flank wear decrease with the decrease in speed ratio, as explained by Figs. 6.1-6.3, the 
surface finish in the UEVC method significantly improves with a decreased speed 
ratio. 
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(d) 
Elements (keV) Mass% Error% At% 
C   K* 0.277 88.02 0.07 96.36 
O   K* 0.525 3.03 0.75 2.49 
Al  K* 1.486 0.08 0.09 0.04 
Cr  K* - - - - 
Co 6.924 3.17 0.44 0.71 
W 1.774 5.70 0.32 0.41 
Total  100.00  100.00 
Fig. 6.10 SEM and EDX of the flank face: (a) rectangular region of Fig. 7(b); (b) 
EDX of (a); (c)-(d) quantitative analysis of (b).  
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Elements (keV) Mass% Error% At% 
C   K* 0.277 11.90 0.13 56.19 
O   K* 0.525 2.13 0.25 7.54 
Ti   K* 4.508 0.04 0.22 0.04 
V   K* 4.949 0.29 0.26 0.33 
Co 6.924 14.48 0.54 13.94 
W 1.774 71.17 0.33 21.96 














       (b)                       
 
Fig. 6.11 EDX analysis of generated chips at Rs = 0.129 after 15 minutes of cutting: 
(a) EDX spectrums of rectangular region in Fig. 6.9(g); (b) quantitative 
analysis of (a). 
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Fig. 6.12 Effect of cutting time on finished surface at different speed ratio. (DOC: 4 
µm and feed rate: 5 µm/rev). 
 
Therefore, these clearly suggest that the surface finish in cutting of WC using PCD 
tools by applying UEVC technique can be improved and thereby ultraprecision 
surface can be achieved if the speed ratio is set at less than 0.107 and the tool 
clearance angle,  , is set higher than the critical cutting direction, ,cr   at a specific 
cutting condition. The range of Ra values at low speed ratio could be further reduced 
in future with investigating the effect of other cutting condition or tool geometry such 
as feed rate, tool nose radius, etc. 
 
Fig. 6.13 shows the photographs of finished surfaces captured by Nomarski 
microscope at 29 minutes and 57 minutes cutting times, respectively for all the speed 
ratios. They reveal that the surface finish at 29 mins cutting time is better than that at 
57 minutes. A higher amount of pits or chip segments is adhered on the machined 
surface at 57 mins cutting time compared to that at 29 mins cutting time. This is 
because as the tool nose is affected by the different modes of wear mechanisms as 
described above, transfer of the tool material from to nose area to the finished surface 
happens and increases with the cutting time. Therefore, it can be said that the PCD 
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tools can be used at least for 30 minutes for ultraprecision machining of WC by 








             (a) at 29 min (Rs = 0.064)            (b) at 57 min (Rs = 0.064) 




























              (g) at 29 min (Rs = 0.129)           (h) at 57 min (Rs = 0.129) 
Fig. 6.13 Nomarski photographs of the machined surface at different speed ratios. 
(DOC 4 µm and feed rate 5 µm/rev). 
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However, the adhered workpiece material to the tool flank face could have positive 
impact on the machinability, which would be supportive to reduce the tool wear rate 
(Wang et al., 2005). The adhered material of workpiece forms a layer on the tool nose 
area. It becomes saturated with the tool particles and serves as a diffusion boundary 
layer which assists to reduce the transport rate of tool material into the chips and 
consequently the wear rate (Wang et al., 2005). So, the tool wear rate is slower after 
10-15 minutes cutting time.  
 
Therefore, all the above investigations suggest that the tool wear in ductile mode 
cutting of WC applying UEVC technique mainly occurs on the tool flank face and this 
is initially dominated by successive vibration impacts and abrasion, then by attrition-
adhesion and diffusion. 
 
6.5 Concluding Remarks 
 
Wear mechanisms of the PCD tools under the UEVC method have been investigated 
by intermittent cutting experiments at different speed ratios, while machining sintered 
WC (~15% Co). In order to analyze the experimental findings, the effect of speed 
ratio in the UEVC method has been studied from the theoretical aspects as the speed 
ratio significantly influences the UEVC performance. Ductile mode cutting criteria 
used for the CC method has been applied in these tests. The experimental findings 
have been justified by the theoretical analyses. The study suggests that the 
performance of PCD tools for ultraprecision machining of hard-to-cut materials in the 
UEVC technique could be enhanced if the following findings are considered: 
1. The cutting force and tool wear increase gradually against cutting time as the 
cutting progressed.  
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2. The increase in speed ratio results in higher pitch of vibration in the UEVC 
cycle that leads to increased material load on the cutting edge. It results in 
larger cutting forces and faster tool wear leading to shorter tool life and worse 
surface finish. 
3. The higher the speed ratio, the higher the critical cutting direction is. The 
surface finish can be badly affected due to interference between the tool flank 
and the finished surface from the previous cycle, if the tool clearance angle is 
set lower than the critical cutting direction at the beginning of cutting in each 
vibration cycle. 
4. The higher the speed ratio, the higher the TWCR is and thereby the larger the 
cutting forces, the higher the tool wear and the shorter the tool life is.  
5. The cutting force and tool flank wear much decreased while machined surface 
finish improved remarkably at speed ratio of less than 0.107. 
6. The tool wear mainly takes place on the tool flank face starting from cutting 
edge. The wear on the rake face starting from the tool tip was not so 
significant against cutting time in these tests.  
7. The tool wear mechanisms are initially dominated by successive vibration 
impacts between the tool and workpiece and abrasion followed by attrition-
adhesion and diffusion. 
8. Though ductile mode cutting criteria was applied in this technique, broken 
chips were observed in most of the experiments. 
9. The adhered material of workpiece forms a layer on the tool nose area which 
serves as a diffusion boundary layer and helps to reduce the transport rate of 
tool material into the chips thereby slowing the wear rate after 10-15 minutes 
cutting time.  
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10.  However, the gradual tool flank wear had no significant effect on the surface 
roughness of the machined workpiece.   
11. Though surface roughness range of 0.030 – 0.050 µm Ra has been achieved in 
these intermittent type tool wear experiments, it has been found in the 
previous Chapter 5 that 0.010 µm Ra can be achieved with the optimized DOC 
(4 µm) and nose radius (0.6 mm) when facing operations are conducted for 
machining the same workpiece for 60 mins.     
12. The findings suggest that the commercial PCD tools are suitable for 
machining WC by applying the UEVC technique and ultraprecision finishing 
can be achieved.    
 
Ductile mode chips have been expected in these tests from two aspects as stated in 
Section 6.4.3. Since the broken chips have been produced, the cutting performances 
are still being negatively affected. In fact, generation of the types of chips is strongly 
related with the DOC used for machining a hard and brittle material. Since the cutting 
speed is directly related to the tool-workpiece relative motion in cutting direction and 
elliptical trajectory in thrust direction, the thickness of cut (TOC) of workpiece 
material continuously varies in the UEVC method. Thus there is a maximum TOC 
(TOCm) in each UEVC cycle for a set of cutting conditions which is significantly 
smaller than the nominal DOC. It is assumed that when the TOCm becomes lower 
than the DOCcr for a set of cutting conditions, the UEVC promises ductile mode 
machining. The next chapter will deal with development of the mutual relationships 
between the nominal DOC, the TOCm, and the related machining parameters to 
investigate whether ductile mode cutting of brittle materials is possible under the 
UEVC method.  
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Chapter 7 
Modeling of Maximum Thickness of Cut in UEVC 
 
 
7.1 Introduction  
For machining of hard and brittle materials, selection of a suitable depth of cut (DOC) is 
vital. Ductile mode cutting can be achieved if the DOC is set lower than the critical DOC 
(DOCcr) in the CC method, which is extremely low (1µm or less) for such materials 
(Brehl et al., 2008). The UEVC is an efficient method for ultraprecision machining of 
brittle materials, because of its inherent mechanism of effectively reducing the DOC 
through overlapping vibration cycles. It was reported that the thickness of material cut in 
each UEVC cycle is remarkably smaller as compared to the DOC when the cutting edge 
passes the bottom point and hence the UEVC technique improves cutting performances 
over the CC method (Suzuki et al., 2004). Due to this, it is also assumed that the UEVC 
technique improves the DOCcr over the CC method (Suzuki et al., 2007). In fact, since 
the UEVC technique follows an elliptical locus and possesses overlapping characteristic, 
the thickness of cut (TOC) of material against the tool tip continuously varies in each 
cycle. Thus, there is a maximum TOC (TOCm) of workpiece material for a set of relevant 
machining parameters affecting the quality of the surface (e.g. brittle or ductile) being 
machined. It can be realized that ductile finished surface for a hard and brittle material 
can be achieved if the mTOC  can be kept smaller than the crDOC  of the CC method. The 
value of the mTOC  for a given DOC may be controlled by the relevant machining 
parameters of the UEVC technique. However, the relationships between the DOC and the 
mTOC  by incorporating the relevant machining parameters have not yet been developed.   
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In this study, theoretical relations are developed for predicting the mTOC  against any 
values of DOC with respect to the relevant machining parameters. To obtain a reduced 
mTOC  and to achieve ultraprecise surface with the UEVC method, a critical value of 
speed ratio (i.e. a ratio of the workpiece cutting speed to maximum tool vibration speed 
in cutting direction) is established. By using the derived formulas, the mutual relations 
between the DOC, the mTOC  and the machining parameters are plotted. To achieve 
ductile mode surface for a hard and brittle material, a selection criteria of the relevant 
machining parameters is also provided. The established relationships are substantiated by 
experimental investigations when machining a hard and brittle material sintered WC 
using PCD tools. The cutting performance for the other brittle materials is expected to 
improve remarkably as ductile mode cutting can be achieved by selecting the involved 
machining parameters within controllable range in this method.  
 
7.2 Theoretical Analyses 
The UEVC principle was explained by the Figs. 5.1-5.2 and the fundamental equations 
(5.1) - (5.5) in Section 5.2 in Chapter 5. For this study, the Eqs. (5.1), (5.2), (5.4) and 
(5.5) are recalled respectively in the followings:     
 
The elliptical locus of the vibrating tool in Fig. 7.1 (or Fig. 5.1(a)) can be described as: 
       )cos( tax ω=                …………………………..7.1(a) 
        )cos( ϕω += tby          …………………………. 7.1(b) 
where, ω is the angular velocity of the tool tip and ϕ  is the phase difference of vibration 
modes in x- and y-axis. Let the tool be fed at workpiece cutting speed, cv  in tangential 
direction (i.e. cutting direction or x-axis) at the same time of its elliptical locus.  
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Therefore, the relative motion locus of tool to workpiece in UEVC process is as follows:  
        tvtax c−= )cos(ω                                         ………………………….. 7.2(a) 
        )cos( ϕω += tby                                           ………………………….. 7.2(b) 
 
By differentiating Eq. 7.1(a), the maximum tool vibration speed in cutting direction is: 
        faavt piω 2)( max ==         (when )sin( tω = 1)                                   …….. (7.3) 
The speed ratio of workpiece cutting speed to the maximum tool vibration amplitude: 
       favvvR ctcs pi2/)/( max ==                                         …………………….. (7.4) 
 
7.2.1 Effect of DOC on Finished Surface  
Suppose a workpiece moves rightward in x-axis with  cutting speed, vc and an elliptically 
vibrated tool is set to operate separating type vibration cutting (i.e. ct vv >max)(  or 
1<sR ). Also, the DOC, pa  is set to be larger than the thrust directional tool vibration 
amplitude, b. Fig. 7.1 shows three consecutive cycles of an elliptically vibrated cutting 
edge by using MATLAB simulation of Eqs. 7.2(a)-(b) when the value of ϕ  is 90o. The 
first cycle starts cutting at point P and ends at point Q when following the path P-N-X-F-
A-V-W-M-Q. Similarly, the third cycle starts at point R and ends at point S by following 
R-B-G-H-U-S. It can be seen from Fig. 7.1 that the finished surface progresses through 
points N-X-F-Y-E-B due to first two consecutive cycles.  
 
In the first vibration cycle, it can also be observed that the tool reaches at point V at half 
vibration period, T/2, when the tool and workpiece are in opposite directions. However, 
when the cutting ends, the tool reaches at its leftmost point W by period that is higher 
than T/2. The tool is then free from the workpiece for the time pulse from 1Wt  to 
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2Ft (subscripts 1, 2, 3 are for first, second and third cycles, etc. respectively). Similarly, 
the cutting end time for the second and third cycles are at points D and H, which are 












Fig. 7.1 Effect of DOC on the finished surface generating in the UEVC method when 
0)( 31 >− xx  ( pa :  DOC). 
 
According to Shamoto et al. (1999b), the cutting end time, 1Wt  in the first vibration cycle 
can be obtained from the following equation: 
       ααϕωωαωω cossin)sin(cos)sin( 11 cWW vtbta =++−       …………. (7.5) 
 
where, α  is the tool rake angle. To make the analyses easier in this study, the rake angle 
of tool, α is considered zero like orthogonal cutting. Thus the forthcoming analyses will 
be free from the effect of tool rake angle. In this case, Eq. (7.5) becomes as: 
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When the cutting edge starts cutting in the second cycle at point F, no material is seen to 
be removed as the TOC  of the workpiece is zero at that instant. As the tool tip moves 
toward the left by following points F-Y-E, the thickness of material cut increases along 
the tool rake due to machined surface F-A-V-W in the previous or first cycle. This 
increase in TOC  is not uniform because the surface F-A-V-W is produced by elliptical 
motion of the tool. At point E, the mTOC  is EW. However, when the tool crosses point E 
toward left, the TOC  for the cutting tool drastically increases from EW to a value that is 
approximately equal to the DOC, pa (e.g. BI at point B). As the DOC has a strong 
influence on cutting quality in machining of hard and brittle materials, the surface 
produced in F-Y-E should be better as compared to that in E-B-L, where L is an arbitrary 
point between the points E and D. Thus brittle fractures on the finished surface would be 
generated with the UEVC method depending on the relevant parameters set. Since the 
tool starts cutting in third cycle at point B and repeats the same principle as that in second 
cycle, the quality of finished surface due to a comparatively higher TOC  of workpiece 
material beyond point E (i.e. B-L-… ) is not considered in this study.  
 
The generation of brittle fracture on finished surface due to sudden increase in TOC 
beyond a critical position can be overcome by selecting a suitable speed ratio, sR  in a 
range such that the cross point B between the second and third vibration cycles coincides 
with point E as seen in Fig. 7.2(a). That means the cross point B and the topmost point of 
second cycle, J are in same vertical line (i.e. same x- coordinates) in this case. Therefore, 
the critical condition occurs when the rightmost point, U, of upper half of third cycle 
disappears and coincides with the leftmost point of first cycle at point W. In this case, the 
DOC cannot come into affect and hence, the final finished surface is expected to be better 
as compared to the previous case. 




     
 
   
 
(a)                                                                      (b) 
Fig. 7.2 Reduction of DOC due to controlled speed ratio in the UEVC method: a) at 
critical; and b) within critical conditions. 
 
The mTOC  on the finished surface at point B is BW in Fig. 7.2(a) at the critical condition. 
However, brittle fracture may start to produce within the critical condition when the 
TOCm exceeds the DOCcr at any location in F-B.  In this case, the mTOC  can further be 
reduced (e.g. BA as shown in Fig. 7.2(b)) if the rightmost point, U of upper half of the 
third cycle crosses the first cycle at above x-axis. As the tool engages with the workpiece 
when they are opposite to each other in cutting direction during cutting, Eq. 7.2(a) 
suggests that the speed ratio can be controlled by three important parameters: (i)  cutting 
speed, cv ; (ii) tool vibration frequency, f ; and (iii) tangential directional vibration 
amplitude, a. The Rs, for which the leftmost point of the first cycle and the rightmost 
point of the third cycle just touch each other, can be defined as critical speed ratio, scrR . 
The value of mTOC  at the scrR  can also be defined as critical mTOC  (or cmTOC ).     
 
7.2.2 Condition to Obtain a Reduced TOCm 
Let the coordinates of points W and U are )( 1,1 yx and )( 3,3 yx , respectively and the linear 
distance between these two points in x-axis is cycle-overlap )( 31 xx − . The effect of DOC 
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on the finished surface depends on the positive, zero or negative values of )( 31 xx − . By 
using Eq. 7.2(a), the following equation can be derived to obtain the cycle-overlap:                            
    })cos({})cos({)( 33113131 UcUWcW tvtatvtaxxx −−−=∆=− − ωω        ………. (7.7) 
where, 3Ut  is the time when the tool reaches at rightmost point, U, above x-axis in third 
cycle. As described above that 2/1 Ttw ≠ , rather it exceeds T/2, the tool further proceeds 
to leftward to cut the material for duration WVt −  in first vibration cycle and reaches to the 
leftmost point, W, in that cycle. Similarly, to complete the third cycle, the tool is yet to be 
moved for the same period to come to 0-0 datum: 
      )2/( 1 Tttt WSUWV −== −−                         ....……………………………… (7.8) 
 
 With reference to the Fig. 7.1, the time 3Ut  can be obtained from the following equation: 
      )2/(33 13 TtTtTt WWVU −−=−= −          ………………………………… (7.9) 
Therefore, to obtain a smaller or reduced mTOC  as compared to the DOC in UEVC 
process as observed in Figs. 7.1 and 7.2, the cycle-overlap has to be negative or at least 
zero. i.e.:  
0})cos({})cos({)( 33113131 ≤−−−=∆=− − UcUWcW tvtatvtaxxx ωω      ….… (7.10) 
 
7.2.3 Maximum TOC (TOCm) at a sR  within the scrR  
The mTOC  of the workpiece material at a speed ratio, sR within the scrR can be 
determined from the following analysis. Shamoto et al. (1994 & 1999b) developed the 
following two formulas for calculating time of cutting start and generation of finished 
surface in any vibration cycle. For example, in the first cycle, the cutting start time is 1Nt  
and the time of generation of finished surface is 1Ft  as seen in Fig. 7.2(b). Thus, the 
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relative movement of the tool and the workpiece in the cutting and the thrust directions in 
first vibration cycle are respectively: 
       Tvtvtatvta cFcFNcN =−−− })cos({})cos({ 2211 ωω             ………………... (7.11) 
        )cos()cos( 21 ϕωϕω +=+ FN tbtb ;           )( 21 FN tt ≠     .………………….. (7.12) 
where, 2Ft  is the cutting start time in the second vibration cycle. The times 1Nt  and 
2Ft can be solved numerically from the above equations. It is also understood from Fig. 
7.2(b) that: 
       )cos()cos( 21 ϕωϕω +=+ FF tbtb                 where, )( 21 FF tt ≠         ….…..  (7.13)           
       12 NF tTt +=                                                                                …………...7.14(a) 
       12 FB tTt +=                                                                 ……………………...7.14(b) 
       13 2 NB tTt +=                                                                              …………....7.14(c) 
where, 2Bt  and 3Bt  are the cutting end and cutting start times in second and third cycles, 
respectively. Now let the point B be ),( 22 yx . Therefore, 2x  and 2y  can be found from 
the following equations by using Eq. 7.2(a)-(b): 
       222 )cos( BcB tvtax −= ω                                  …………………………..….. (7.15) 
       )cos()cos( 322 ϕωϕω +=+= BB tbtby           . ………………………..…… (7.16) 
 
Again let the point A be ),( 11 AA yx . However, it can be seen from the Fig. 7.2(b) that 
12 Axx = . Therefore, 1At can be numerically solved by the following equation:   
       1112 )cos( AcAA tvtaxx −== ω          ………………………………………… (7.17) 
 
By putting the value of 1At , 1Ay  can be found as following: 
       )cos( 11 ϕω += AA tby             ……………………………………………….  (7.18) 
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Therefore, the  mTOC  at a sR within the scrR (in 111 WAF ttt ≤≤ ), RscrmTOC <)( , is: 
       )cos()cos()()( 2121 ϕωϕω +−+=−=< BAARscrm tbtbyyTOC    ……………. (7.19) 
 
7.2.4 Maximum TOC ( mTOC ) at the scrR  ( cmTOC  ) 
At the critical speed ratio, A ),( 11 AA yx  coincides with W ),( 11 yx  and the mTOC  can be 
called as the critical mTOC  (hereafter abbreviated as, cmTOC ). Therefore, Eq. (19) 
becomes as: 
      )cos()cos()( 2121 ϕωϕω +−+=−= BWcm tbtbyyTOC         ……………….. (7.20) 
 
7.2.5 Maximum and Minimum TOCs at a sR beyond the scrR  
When a speed ratio, sR , is beyond scrR  and the second and third cycles cross each other 
at B ),( 22 yx leftward to E ),( 22 EE yx  as shown in Fig. 7.1. Thus the TOC beyond the scrR , 
RscTOC> , varies between the points E and B. However, it is the maximum at point just 
beyond the coordinate E ),( 22 EE yx  toward left and the minimum at point B ),( 22 yx  if 
only final finished surface is considered (i.e. F-Y-E-B) for the second cycle. Therefore, 
the mTOC  at a sR  beyond the scrR  is at the point just beyond the coordinate E ),( 22 EE yx : 
       )()( 2 byaTOC EpRscrm −−=>                             ………………………...… (7.21) 
 
When a sR  is just beyond scrR , the x-coordinates for the points W ),( 11 yx and E ),( 11 EE yx  
are same and hence: 
      2221 )cos( EcEE tvtaxx −== ω                             ..……………………….…. (7.22) 
where, 2Et is the time when the tool is at point E ),( 22 EE yx  in the second cycle. Thus, 
2Ey can be obtained from: 
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       )cos( 22 ϕω += EE tby                                        ….………………………... (7.23) 
 
In addition, the minimum TOC at sR beyond Rscr on finished surface E-B can be 
calculated as: 
       
  )()( 2min byaTOC pRscr −−=>                           … …………………….….. (7.24) 
 
7.2.6 Maximum TOC Ratio ( mrTOC ) at Different sR  
The maximum TOC ratio, mrTOC  is the ratio of mTOC  at any Rs to the DOC set in the 
UEVC method/experiment. It can be expressed as follows: 





























       ……….. (7.25)  
 
The value of mTOC  depends on the negative, zero and positive natures of the cycle-
overlap, )( 31 xx − , which in turn depends on a desired speed ratio, sR . Therefore, the 
value of mrTOC  depends on the sR  and DOC. 
 
7.2.7 Effect of sR on Cycle-Overlap )( 31 xx − , mTOC  and mrTOC  
The speed ratio, sR  can be controlled by controlling any of the three following important 
machining parameters: cv , a and f as discussed earlier. Fig. 7.3 shows the effects of speed 
ratio on cycle-overlap, )( 31 xx −  (i.e. separation between W and U, ref. Figs. 7.1 and 7.2), 
at various tangential directional vibration amplitudes, a, by using Eq. (7.7). However, if 
vc and f are varied in this manner, only the speed ratio will be affected but the natures or 
slopes of the lines at various a remain same.  









Fig. 7.3 Effect of speed ratio, Rs on cycle-overlap, )( 31 xx − at various tangential (or 
cutting) directional tool vibration amplitudes*, a. 
 
It is interesting to note in Fig. 7.3 that all the lines for various a cross at a specific 
coordinate p(x, y). Based on the Eq. (7.10), the acceptable and/or critical speed ratio can 
be identified. It is seen from the figure that if the speed ratio exceeds p(x, y), then the 
cycle-overlap, )( 31 xx −  becomes positive and hence the value of mTOC  becomes 
approximately same to the DOC (Fig. 7.1) which is not desired in this process. That 
means the leftmost point of the first cycle and the rightmost point of upper half of the 
third cycle should overlap or at least coincide each other to achieve a smaller or reduced 
mTOC . Thus the critical speed ratio, scrR  is found to be a t the point p (x, y). 
 
The values of mTOC  at sR ranging between 0 and 0.15 at a step of 0.005 can be obtained 
analytically by using Eqs. (7.19) and (7.21) at various DOCs (e.g. 3, 4 and 5 µm) and can 
be plotted as shown in Fig. 7.4(a). Eqs. (7.19) and (7.21) are used depending on the 
negative and positive values of the cycle-overlap, )( 31 xx −  respectively. The 
corresponding maximum TOC ratio, mrTOC  can also be obtained and plotted as 
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*Calculated data for a = 1.5 µm are in Appendix A 








(a)                                                                        (b) 
Fig. 7.4 Effect of speed ratio on (a) the maximum thickness of cut, mTOC ; and (b) the 
maximum TOC ratio, mrTOC  for different  DOCs. (Condition: ba p > , where b 
= 1.5 µm)*. 
 
It is clearly seen from the Figs. 7.4(a)-(b) that the values of both the mTOC  and mrTOC  
suddenly jump to higher value beyond a certain sR and they happen in the similar manner 
as the values of cycle-overlap, )( 31 xx −  from negative to positive. Due to the sudden 
increase in TOC, the finished surface beyond the coordinate E ),( 22 EE yx  leftward is 
badly affected in Fig. 7.1. Fig. 7.4(a) also indicates that the 
mTOC  does not depend on the 
DOC if a 
sR  is set lower than the scrR . 
 
7.2.8 Determination of the Critical Speed Ratio, scrR  
As the Eq. (7.7) or (7.10) is an implicit equation, the term speed ratio, sR  (i.e. favc pi2/ ) 
cannot be directly obtained and hence scrR  at zero value of )( 31 xx − cannot be directly 
determined by these equations. Therefore, iteration method based on negative and 
positive values of cycle-overlap, )( 31 xx − , is conducted to obtain scrR  up to 5 decimal 
points such that 0)( 31 ≈− xx . It is clearly seen from the Figs. 7.3 and 7.4 that the scrR  is 
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*Data are provided in Appendix A 
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Table 7.1 Determination of the critical speed ratio using iteration method with varying 
the crucial parameters (^ Condition: ba p > , b = 1.5 µm. a is in µm, f is in 
kHz and  cv  is in m/min).  
Parameters No. Speed ratio, 
Rs = favc pi2/  
Fixed Variable 
)( 31 xx −  
in m 





pa  = 4 µm 
0.12837 
cv = 2.90366 -1.0655e-10 1.5917 0.397925 1 
0.12838 
a = 1.5, 
f = 40 
cv = 2.9039 +1.1886e-10 3.901 0.97525 
0.12837 f = 39.950 -1.3776e-10 1.5924 0.39810 2 
0.12838 
a = 1.5, 
cv = 2.9  f = 39.946 +1.6015e-10 3.901 0.97525 
0.12837 a = 1.4981 -8.8002e-10 1.5917 0.397925 3 
0.12838 
f = 40, 
cv = 2.9 a = 1.4980 +1.1034e-10 3.901 0.97525 
 
Table 7.1 shows the last step of the iterations conducted. The scrR  is determined firstly by 
varying the cutting speed, cv (No. 1) and then the scrR  is checked by varying f and a (Nos. 
2 and 3, respectively). Accordingly, the values of both the mTOC  and mrTOC  at and 
beyond scrR  are calculated. It is seen from the table that the mTOC , as obtained by Eq. 
(7.19), is significantly smaller compared to the  DOC when 0)( 31 <− xx  is satisfied.  
However, this is not so at 0)( 31 >− xx  and remains approximately equal to pa  according 
to Eq. (7.21) and Fig. 7.4(a), which results in a mrTOC  that is nearly one (Fig. 7.4(b)). 
Therefore, it is found that the cycle-overlap, 0)( 31 ≈− xx  when a fixed speed ratio is 
maintained and that is 0.12837. That means the acceptable scrR  is 0.12837. Hence, to 
obtain a reduced mTOC  or to avoid brittle fracture on finished surface of brittle materials 
in UEVC process, the following condition has to be maintained: 
12837.02/ ≤= favR cs pi       or simply 128.0≤sR   
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7.3 Effects of Machining Parameters 
Let, the DOC be set higher than the thrust directional vibration amplitude (i.e. ba p > ) in 
this study. In this section, the effects of three parameters: cv , f and a, which are relevant 
to the speed ratio )2/( favR cs pi= , on the cycle-overlap )( 31 xx − , the mTOC  and the 
mrTOC  are investigated. Moreover, the effect of thrust directional vibration amplitude, b, 
on the mTOC and mrTOC  is also presented. To enhance high machining rate without 
compromising cutting quality in UEVC process, analyses on the selection of machining 
parameters are also carried out.  
 
7.3.1 Effect of Cutting Speed 
Fig. 7.5 presents the effects of cutting speed on the cycle-overlap )( 31 xx − , mTOC  and 
mrTOC , where the other influential parameters: f, a and b are kept constant in Eqs. 7.2(a)-
(b). According to Eq. (7.4), the higher the cutting speed, the larger the sR  is. Thus, when 
the sR  is set below the scrR (= 0.12837), )( 31 xx − is negative and mTOC  is BA as seen in 
Fig. 7.5(a). If the scrs RR = , )( 31 xx − is zero and cmTOC  is BW (Fig. 7.5(b)). However, at 
scrs RR >  in Fig. 6(c), )( 31 xx − is positive and the mTOC  approaches nearly to the DOC, 
pa . The cycle-overlap )( 31 xx − , mTOC  and mrTOC  at various conditions of scrR can be 
obtained by Eqs. (7.7), (7.19) - (7.21) or directly by Figs. 7.3, 7.4(a) and 7.4(b). Since the 
mTOC  is higher at condition in Fig. 7.5(c), the UEVC technique cannot achieve a much 
reduced TOC or mTOC . That means possibility of generation of brittle fractured surface 
is lower when scrs RR <  at ba p > . This condition of sR can be achieved by lowering the 
workpiece cutting speed, cv  for an elliptical vibration device providing fixed f and a.  
 








(a)                                               (b)                                              (c) 
Fig. 7.5 Effect of cutting speed, vc on the mTOC  in the UEVC method: (a) cv  = 2.26 
m/min (Rs = 0.10); (b)  cv = 2.9037 m/min, (Rs = Rscr = 0.12837); (c) cv  = 3.39 
m/min (Rs = 0.15); f = 40 kHz, a = 1.5 µm, b = 1.5 µm. 
 
7.3.2 Effect of Tool Vibration Frequency 
The effect of speed ratio, sR , at three different tool vibration frequencies, on the cycle-
overlap )( 31 xx − , mTOC  and mrTOC  are presented in Fig. 7.6 (a) – (c), when cv , a and b 
are kept constant in Eqs. 7.2 (a) - (b). The cycle-overlap )( 31 xx − is negative, zero and 
positive and mTOC  is BA, BW and nearly pa  at a sR within, equal to and beyond the 
scrR (= 0.12837), as shown in Figs. 7.6 (a) - (c), respectively. Thus, it is understood from 
Fig. 7.6(c) that at scrs RR > , mTOC  becomes approximately equal to  DOC, ap, according 
to Eq (7.21). Table 7.1 shows an example (No.2) where the calculated mTOC  is 1.592 µm 
and mrTOC  is 0.398 at stated condition: a = 1.5 µm, b = 1.5 µm, f = 39.95 kHz, cv  = 2.90 
m/min ( sR = 0.12837), and the pa is set 4 µm.  Thus the reduced DOC due to UEVC 
technique can be achieved when scrs RR < at pab < and brittle fractured surface may not 
occur in this condition. This condition of sR can be achieved by increasing the tool 
vibration frequency, f in an elliptical vibration device providing fixed a and at a desired 
cv . 
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(a)                                               (b)                                              (c) 
Fig. 7.6 Effect of tool vibration frequency, f on the mTOC  in the UEVC method: (a) f = 
51.2 kHz (Rs = 0.1), (b) f = 40 kHz (Rs = Rscr = 0.12837) and (c) f = 34.13 kHz 
( sR  = 0.15); a = 1.5 µm, b = 1.5 µm, cv  = 2.9037 m/min. 
 
7.3.3 Effect of Tangential Vibration Amplitude 
The effect of speed ratio, sR on the cycle-overlap )( 31 xx − , mTOC  and mrTOC  at three 
different tangential directional vibration amplitude, a of tool based on Eqs. 7.2(a)-(b) and 
(7.4) are shown in Fig. 7.7 and can be explained in similar manner of the effect of tool 
vibration frequency, f as described in the previous section. Therefore, it is realized that 
the condition, scrs RR < can be achieved by increasing the tangential vibration amplitude 






(a)                                              (b)                                             (c) 
Fig. 7.7 Effect of tangential vibration amplitude, a of the tool on the mTOC  in the UEVC 
method: (a) a = 2 µm and vc = 3.02 m/min ( sR  = 0.1); (b) a = 1.5 µm and vc = 
2.9037 m/min ( sR  = Rscr = 0.12837); (c) a = 1 µm, and cv = 2.26 m/min ( sR  = 
0.15). b = 1.5 µm, f = 40 kHz. 
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Table 7.2 Control of the mTOC  and mrTOC  based on the Rs and )( 31 xx −  by controlling 
the relevant three parameters: cv , f and a . (^ at b < pa , * Ref. Figs. 7.5-7.7). 
No. Speed ratio Controllable 
parameters 








scrR<  - ve BA   (Eq. (7.19) ) 
BA/ pa  
2 
scrR=  0 BW   (Eq. (7.20)) 




      a , f ,  cv  




The studies in the sections 7.3.1- 7.3.3 above can be summarized by the following Table 
7.2. It is seen that the values of )( 31 xx −  can be kept negative, zero and positive at a 
speed ratio, sR  less than, equal to and greater than of scrR , respectively. And the value of 
sR can be adjusted by any or all the three relevant parameters: cv , f and a . As described 
above, negative or at most zero value of cycle-overlap, )( 31 xx −  is desired to obtain a 
smaller or reduced TOCm under the UEVC process.    
 
7.3.4 Effect of Thrust Vibration Amplitude 
The thrust vibration amplitude, b of the tool in y-axis does not have any influence on sR  
according to the fundamental Eqs. (7.1)-(7.3) of the UEVC process. However, it has both 
positive and negative effects on the cutting performances. Fig. 7.8(a) shows the values of 
mTOC  at three different values of b at sR ranging from 0 to 0.15 that are obtained 
analytically by using Eq. (7.19) - (7.21) at 4 µm  DOC and Fig. 7.8(b) presents the 
corresponding values of mrTOC  by using Eq. (7.25). As discussed earlier, the value of sR  
should be set at the critical or within 0.12837 for achieving brittle fracture-free surface in 
cutting of typical brittle materials. It is also interestingly observed that if b increases, then 
the value of mTOC  also increases at a desired sR  within the scrR . 
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Let, the scrR be set during cutting of a hard and brittle material. Fig. 7.9 presents how the 
values of b affect the values of mTOC  at the scrR . Thus it is understood that a smaller b is 
better during UEVC process because it allows a smaller mTOC  compared to a larger b. 
Thus the possibility of generation of brittle fracture surface in the UEVC process can be 








(a)                                                                      (b)                          
Fig. 7.8 Effect of thrust vibration amplitude, b of the tool on the: (a) mTOC ; and (b) 







(a)                                              (b)                                             (c) 
Fig. 7.9 Effect of thrust vibration amplitude, b of the tool on the mTOC  at the scrR  (= 
0.12837) in the UEVC method: (a) b = 1 µm; (b) b = 1.5 µm, (c) b = 2 µm. 
 
However, in contrast, if the vibration amplitude, b increases, the rake face of  tool can 
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smaller b (Shamoto et al., 1999b). In fact, the main advantage of the UEVC technique 
over the CUVC technique is that the UEVC helps to pull out the chip away as discussed 
in the UEVC principle earlier. As the reverse friction is realized during the thrust 
directional motion of the tool in y-axis, the average cutting force in UEVC techniques 
gets remarkably reduced (Shamoto et al., 1994 & 1999b; Suzuki et al., 2007). Thus, both 
the advantage and the disadvantage have to be compromised when selecting a suitable b.  
 
7.3.5 Selection Criteria of Parameters for Ductile Mode Cutting 
Suppose, the crDOC  is known for a hard and brittle material. Thus, to achieve ductile 
mode cutting with the UEVC process, the value of the mTOC  has to be considered so that 
crm DOCTOC < . Once the value of the mTOC  is selected, then the values of b and sR  
can be adjusted against this selected mTOC  following the Fig. 7.8(a). The value of sR  
can be controlled by any of the three parameters: a, f, and cv  according to the Eq. (7.4).  
Moreover, to select a suitable value of the thrust vibration amplitude, b in the UEVC 
technique, both the advantage and the disadvantage have to be compromised as 
mentioned in Section 7.3.4. 
  
7.3.6 Increasing the Cutting speed for Higher Machining Rate at Rscr   
It is known that the rate of machining area in precision cutting process is highly 
dependent on the workpiece cutting speed. It can be observed from the previous studies 
that the machining rate in the UEVC technique is much lower compared to conventional 
cutting method. However, the UEVC technique is a precision and emerging cutting 
technology that is competitive to the other nonconventional precision cutting methods. 
The machining rate in the UEVC technique is higher than that of the nonconventional 
cutting techniques such as µ-EDM, ELID grinding, polishing etc.  
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This study so far also suggests to select a sR within scrR to obtain a reduced mTOC  under 
the UEVC method. However, it is also realized in this study that the rate of machining 
area in the UEVC process can be further increased by increasing the tangential 
directional amplitude, a and/or vibration frequency, f of the tool without exceeding the 
scrR . It is known that favR cs pi2/= . Since the machining rate is directly involved with 
cutting speed, vc, it can be increased by increasing a and/or f at a desired sR within the 
scrR . 
  
Fig. 7.10(a) shows variation of cutting speed due to increase in tangential vibration 
amplitude, a of the cutting tool at the scrR and fixed tool vibration frequency, f = 40 kHz. 
It is observed that the workpiece cutting speed, cv  can be increased with the increase in a 
(Eq. 7.4). The cutting speed, cv  can be increased by the same factor of increase for the 
value of a at the same sR . Thus a higher rate of machining area in the UEVC process can 









Fig. 7.10 Increasing cutting speed at scrR  = 0.12837 by increasing (a) tangential vibration 
amplitude, a at fixed tool frequency, f = 40 kHz; (b) tool vibration frequency, f 
at fixed tangential vibration amplitude, a = 1.5 µm. 
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 Fig. 7.10(b) shows variation of cutting speed, vc, due to increase in tool vibration 
frequency, f, at the scrR and fixed tangential vibration amplitude of the tool, a = 1.5 µm. 
Similar to the previous case, it is also observed that the workpiece cutting speed, cv  can 
be increased with the increase in f (ref. Eq. 7.4). That means cv in this case also can be 
increased by the same factor of increase for the value of f at the same sR . Thus a higher 
machining rate in the UEVC process can be achieved by increasing the tool vibration 
frequency within or at the scrR . 
 
7.4 Experimental Verification of the Model 
Sintered WC is considered as a hard and brittle material, which cannot be machined by 
the CC process due to appearance of brittle fractures on the finished surface (Suzuki et al., 
2004). To validate the model proposed in this study, a sintered WC workpiece (~15% Co) 
is considered for machining using PCD tools. The properties of the WC and the 
experimental procedures for these tests are described, respectively, in sections 3.3.3 and 
3.3.6 in Chapter 3. The crDOC  of this sintered WC was found to be about 0.6 µm. Facing 
experiments were conducted for the workpiece of 40 mm diameter (radius = 20 mm). The 
tool was set to feed in traverse direction from 20 mm outer radius to 17 mm location of 
the workpiece face at 3 µm/rev feed rate in each set of cutting conditions.  
 
The selection criteria of four machining parameters to achieve ductile surface is described 
in section 7.3.5. According to the Fig. 7.8(a), the four machining parameters: a, f , cv and 
b are now simplified into two parameters: sR  and b. Though the value of speed ratio, 
sR can be controlled by any of the three parameters: a, f and cv as shown in Eq. (7.4), the 
cv was varied in these tests. The tool was vibrated at 38.87 kHz frequency (f) with 2 µm 
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tangential directional amplitude (i.e. a). Since the tool moves in traverse direction for 
facing operation, it is obvious that the cutting speed, cv and hence the sR varies for a 
spindle rotating at a constant speed, n (rpm). In this situation, the surface quality (i.e. 
ductile or brittle mode) was examined at the location of 18.5 mm (average radius of the 
workpiece) from the workpiece face centre for all the cutting conditions, where the 
spindle speed, n was varied. The cutting conditions were set by following the Fig. 7.8(a) 
presented in Table 7.3. Firstly, the test nos. 1 and 2 were conducted to examine the 
surface quality within and beyond the critical speed ratio, scrR  (= 0.12837), respectively 
at a fixed value of b. Lastly, the tests nos. 3 and 4 were conducted to observe the effect of 
the b at a fixed sR . The value of the mTOC  against the crDOC  can be compared by the 
rightmost column of Table 7.3. As stated in section 7.2.1, the DOC was set as 4 µm for 
all the test conditions, which is larger than the thrust directional vibration amplitude, b as 
seen in Table 7.3. 
 
Table 7.3 Cutting conditions for verification of the proposed model ( 6.0≈crDOC  µm). 
Test No. n 
sR  b mTOC  Conditions 
1 20 0.08 2 0.500 
crm DOCTOC <  
2 35 0.14 2 3.846 
crm DOCTOC >  
3 25 0.10 1 0.416 
crm DOCTOC <  
4 25 0.10 2 0.831 




According to the proposed model, when the condition 
crm DOCTOC < is satisfied, a 
ductile mode surface will be produced. Fig. 7.11 shows the Nomarski photographs of the 
machined surface for different cutting conditions stated in Table 7.3. The surfaces 
observed in Fig. 7.11(a) and (c) for test nos. 1 and 3, respectively, are free from brittle 
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fractures. The cutting grooves in the cutting direction in these two tests are clean as 
compared to the test nos. 2 and 4 as shown in Figs. 7.11(b) and (d), respectively. As the 
condition 
crm DOCTOC <  was satisfied, the ductile mode finished surfaces were achieved 
for the former cases. However, a number of asperities appearing in the finished surfaces 
in these cases are not considered as brittle fractures. Asperities on the finished surfaces 
on the same types of brittle material (e.g. WC or tungsten alloy) were also observed by 
the previous studies (Suzuki et al., 2004 & 2007). 
 
On the other hand, when the condition 
crm DOCTOC <  was not satisfied, the machined 
surfaces were extremely fractured and became poor. For example, a much reduced mTOC  
was not achieved at a sR of 0.14 beyond the scrR (= 0.12837) resulting in full of brittle 
fractures as seen in the test no. 2. Similarly, as the 
crm DOCTOC < was not satisfied even 
at a sR of 0.10 within the scrR (= 0.12837) in the test no. 4, the surface also contains 
brittle fractures. The brittle fractures in the test no. 4 are less compared to the test no. 2. It 
is because of a much variation of the mTOC  between these two conditions (Table 7.3). 
Moreover, the pitch marks of overlapping elliptical cycles are seen in these two 
conditions which are not seen in the test nos. 1 and 3. 
 
The characteristics of the machined surfaces for all the four can be observed by the T-H 
profiles presented in Fig. 7.12. The average and maximum surface roughness values (Ra 
and Rz, respectively) are also shown in these figures. It is observed that the best surface 
produced in the test no. 3 ( mTOC = 0.416 µm) followed by the test no. 1 ( mTOC = 0.500 
µm). However, both the roughness values (Ra and Rz) for the test nos. 2 and 4 are much 
compared to the test nos. 1 and 3. This indicates the brittle fractures appear on the 
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finished surface at higher values of mTOC . Thus it is confirmed that ductile mode cutting 
of hard and brittle materials are possible even at a given higher DOC compared to the 
DOCcr of the CC method when the condition crm DOCTOC <  is satisfied. This can be 
























                                                    
      (c) Test no. 3 ( mTOC = 0.416 µm)               (d) Test no. 4 ( mTOC = 0.831 µm) 
Fig. 7.11 Nomarski photographs (500x) of the machined surfaces (DOC: 4 µm, Feed rate: 
3 µm/rev).     
 
Fig. 7.13 also shows the flank wear widths of the tools used for machining the same 
surface area (3 mm in traverse direction from 20 mm outer radius, Fig. 3.10 in Chapter 3). 
It is also observed that the tool used for the test nos. 1 and 3 perform well compared to 
the test nos. 2 and 4. Since the brittle fracture were continuously produced in the test nos. 
2 and 4, the tools failed faster.                                            
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(d) Test no. 4 ( TOCm = 0.831 µm) 
 
Fig. 7.12 T-H profiles of the machined surfaces for all the UEVC tests.  
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One interesting finding in this study is that a lower value of b results in better surface 
finish and higher tool life at the same sR of 0.10. This may be because at a lower value of 
b, the tool travelled a smaller distance in the thrust direction and the tool nose 














(c) Test no. 3 (TOCm = 0.416 µm)                        (d) Test no. 4 (TOCm = 0.831 µm) 
Fig. 7.13 Nomarski photographs of the PCD tools used for all the UEVC tests.  
 
However, the value of b should not be zero, because it helps to reduce the cutting force 
by means of reverse friction between the tool rake and the workpiece in the UEVC 
process. Though by lowering the value of b, the value of the mTOC  can be lowered and a 
higher value of the sR  can be obtained as seen in Fig. 7.8(a). In this way, the productivity 
can be improved. For example, the value of mTOC  is 0.416 µm at a sR = 0.10 and b = 1 
VB = 27 µm VB = 33 µm 
VB = 26.5 µm VB = 35 µm 
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µm whereas it is 0.500 µm at sR = 0.08 and b = 2 µm. Thus a compromise between the 
sR  and b can be considered to satisfy the condition crm DOCTOC <  and to obtain a 
reduced mTOC  within the scrR for ultraprecision machining of hard and brittle materials.  
 
Another interesting finding from the proposed model in that the DOC does not have any 
influence on the mTOC  when the value of a sR  is within the scrR  (Fig. 7.4(a)). However, 
for saving tool life, a much higher DOC should not be set during micromachining. For 
example, the PCD tools perform better at 4 µm when machining sintered WC as found in 
Chapter 5.         
        
7.5 Concluding Remarks 
Theoretical models are developed for predicting the maximum thickness of cut ( mTOC ) 
of material against a DOC by incorporating the relevant machining parameters in the 
UEVC method. The proposed models are substantiated when machining a hard and brittle 
material sintered WC using PCD tools. The findings are concluded as follows: 
1. Four machining parameters, namely, workpiece cutting speed, tool vibration 
frequency and tangential and thrust directional tool vibration amplitudes have 
strong influences on the mTOC . 
2. It is evident that the a reduced mTOC  of workpiece material in each UEVC cycle 
can be obtained at the speed ratio equal to or less than a critical value of 0.12837 
if the  DOC is set to be higher than the thrust directional tool vibration amplitude. 
However, beyond this ratio, the DOC and the mTOC  remain about same. Thus, 
this speed ratio can be defined as the critical speed ratio in the UEVC method.  
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3. The cycle-overlap between the first and the third cycles is desired to obtain a 
reduced TOCm under the UEVC process. It is possible if the speed ratio is kept 
equal to or less than the critical value 0.12837.  
4. The speed ratio can be controlled by the first three parameters: i) cutting speed; ii) 
tool vibration frequency; and iii) tangential directional vibration amplitude. To 
obtain a higher machining rate, cutting speed can be increased by the same factor 
by increasing any or both of the later parameters keeping the same speed ratio.  
5. A larger value of the thrust directional vibration amplitude increases the value in 
the mTOC . In contrast, it helps the chips pulling out from the workpiece during 
thrust directional motion and thereby reduces the cutting force and tool wear in 
this method. Thus both the advantage and the disadvantage have to be taken in 
account when machining a brittle material. 
6. The experimental findings are found in good agreement with the proposed 
relationships when verified by machining sintered WC using PCD tools. It is 
confirmed that ductile mode cutting of hard and brittle materials are possible even 
at a given higher DOC compared to the DOCcr of the CC method when the 
condition crm DOCTOC <  is satisfied. By controlling the relevant four 
parameters, the value of the mTOC  can be predicted.   
7. The value of the mTOC  does not depend on a given DOC if the speed ratio is 
within the critical speed ratio 0.12837. However, for saving tool life, a much 
higher DOC should not be set during micromachining of hard and brittle materials. 
8. The theoretical relations derived in this study will be a good guide for the 
researchers and manufacturers to calculate the mTOC  against a DOC for a set of 
given relevant parameters according to the selection criteria provided. This way, 
ductile mode finishing of brittle materials can be achieved. 
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8.1  Main Contributions 
In this study, both the CUVC (1-D UVC) and UEVC (2-D UVC) methods have been 
applied on some difficult-to-cut materials using commercial cutting tools. The main 
contributions and findings are summarized as follows:  
1. Theoretical and experimental study of the effects of machining parameters in 
the CUVC method. In this study, theoretical relations between cutting force and 
involved machining parameters in CUVC method have been investigated. Then 
the cutting performances due to machining parameters have been experimentally 
investigated for the CUVC method and compared with the CC method, when 
cutting Inconel 718 using CBN tools. It is theoretically found that three vital 
parameters: i) tool vibration frequency; ii) vibration amplitude and iii) workpiece 
cutting speed determine the cutting force corresponding to tool-workpiece contact 
ratio (TWCR) in each CUVC cycle. Thus, the TWCR plays a key role in the 
CUVC process where the increase in both of the tool vibration parameters and the 
decrease in the cutting speed reduce the TWCR that in turn reduces cutting force. 
The experiments, when investigating the effect of cutting speed, also have shown 
that a lower cutting speed reduces both cutting force and tool wear, improves 
surface quality and prolongs tool life in the CUVC method which substantiates the 
theoretical findings and previous studies. It is also observed that the CUVC 
method promises significantly better surface finish and improves tool life by 4-8 
times at low cutting speed (e.g. up to 10 m/min) as compared to the CC method. 
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2.   A study on UEVC of sintered WC using PCD tools and comparison of cutting 
performance between the UEVC and CC methods. In this study, the UEVC 
method has been applied on sintered WC (~15% Co) to study the effects of cutting 
parameters and tool geometry (mainly nose radius) on cutting performances and to 
study the machinability of WC using commercial PCD tools. The results have 
been compared with the CC results for a set of cutting conditions. The results have 
shown that the UEVC performance improves with the decrease in both the feed 
rate and cutting speed (or speed ratio). A 4 µm DOC compared to both a lower 
(e.g. 2 µm) and a higher DOC (e.g. 6 or 8 µm) and a 0.6 mm nose radius 
compared to a lower (e.g. o.2 or 0.4 mm) and a higher DOC (e.g. 0.8 mm) nose 
radius result in better cutting performance in all aspects including cutting force, 
tool wear and surface finish. A surface roughness of 0.0101 µm Ra and 0.0610 µm 
Rz was achieved at the optimized set of cutting conditions. While comparing with 
the CC method, the UEVC method always performs better than the CC method in 
all aspects. The findings suggest that the commercial PCD tools can be used for 
ultraprecision machining of sintered WC by applying the UEVC method. 
 
3.   PCD tool wear mechanisms under UEVC method while applied to sintered 
WC. The higher the speed ratio, the higher the TWCR is and thereby the larger 
the cutting forces, the higher the tool wear and the shorter the tool life is. The 
cutting force and tool flank wear have much decreased while machined surface 
finish have improved remarkably at a speed ratio less than 0.107. The tool wear 
mainly takes place on the tool flank face starting from cutting edge. The wear on 
the rake face starting from the tool tip has not been so significant against cutting 
time in these tests. The tool wear mechanisms have been initially dominated by 
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successive vibration impact between the tool and workpiece and abrasion. Then 
they have been dominated by attrition-adhesion and finally diffusion.  
 
4.   Development of theoretical modeling for predicting the maximum thickness 
of cut (TOCm) of material in the UEVC method. In this study, theoretical 
relations have been developed for predicting the TOCm at a given DOC with 
respect to four machining parameters: i) workpiece cutting speed; ii) tool vibration 
frequency; iii) tangential and iv) thrust directional tool vibration amplitudes, 
which have strong and direct influence in the UEVC method. It has been 
demonstrated that a reduced TOCm can be obtained when the speed ratio is equal 
to or less than a critical value 0.12837. It has also been shown that when the TOCm 
is set lower than the DOCcr for a set of cutting conditions, brittle materials can be 
machined in ductile mode. The established relationships have been substantiated 
by experimental investigations when machining the hard and brittle material 
sintered WC using PCD tools.  Findings of this study confirm that a value of the 
TOCm can be by controlled by the above four key parameters. Though the TOCm 
does not depend on the DOC at a speed ratio within 0.12837, a suitable DOC 
should be used for saving tool life for ultraprecision machining of brittle materials 
(e.g. PCD tools at 4 µm performs better in this study). The theoretical relations 
derived in this study will be a good guide for researchers and manufacturers to 
select a  DOC based on the calculated TOCm for a set of given parameters. 
 
8.2  Recommendations for Future Work 
1. Effect of tool vibration frequency on cutting outputs in both types of UVC has not 
been studied. This is because both the CUVC device (SB-150) and the UEVC 
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device (EL-50∑) can provide only a single frequency as resonant frequency can 
only be found at the nodal point of the structure. To the best of knowledge, no 
device can provide more than a single frequency. However, this obstacle can be 
overcome in future if a structure could be designed such a way that would have 
fixed and variable lengths. By overhanging the structure by the variable length, 
number of frequencies would be derived from the same device. 
 
2. Though commercially available and inexpensive PCD tools have been used in this 
study, their cost effectiveness in cutting of difficult-to-cut materials (e.g. sintered 
WC) has not been studied. A cost analysis could be conducted in future to see 
whether PCD tools can achieve ultraprecision finishing at acceptable range with 
low machining cost compared to SCD tools. 
 
3. The sharpness of grade DA150 (average grain size ~ 5 µm) of PCD tools is not 
good compared to that of DA2200 (~ 0.5 µm). However, because of the specified 
tool geometry provided for the EL-50∑ device, only the DA150 grade can be 
adjusted. In future, the DA2200 grade of specific geometry could be tested for 
machining WC to improve the surface finish in mirror scale (e.g. < 20 nm).  
 
4. The UEVC tests in this study have been successfully carried out on the hard and 
brittle material, sintered WC. In future, 3-D or complex surfaces of sintered WC 
can be produced for glass molding applications by applying the proposed model 
for the UEVC technique. Moreover, experiments can be carried out on various 
hard and brittle materials, like glass, ceramics, stainless and hardened steel etc. to 
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Effect of speed ratio, Rs on the cycle-overlap, TOCm and TOCmr at various depth of cut, ap (Thrust directional vibration amplitude, b = 1.5 µm).
Condition: a
 
p > b. 
 
 





(x1-x3)    
(m) ap = 3 m ap = 4 m ap = 5 m ap = 3 m ap = 4 m ap = 5 m ap = 3 m ap = 4 m ap = 5 m 
1 0.0 -3.0000E-06 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.00000E+00 0.00000E+00 0.0000E+00 
2 0.005 -2.8822E-06 2.0000E-09 2.0000E-09 2.0000E-09 2.0000E-03 2.0000E-03 2.0000E-03 6.66667E-04 5.00000E-04 4.0000E-04 
3 0.010 -2.7645E-06 6.0000E-09 6.0000E-09 6.0000E-09 6.0000E-03 6.0000E-03 6.0000E-03 2.00000E-03 1.50000E-03 1.2000E-03 
4 0.015 -2.6469E-06 1.3000E-08 1.3000E-08 1.3000E-08 1.3000E-02 1.3000E-02 1.3000E-02 4.33333E-03 3.25000E-03 2.6000E-03 
5 0.020 -2.5294E-06 2.3000E-08 2.3000E-08 2.3000E-08 2.3000E-02 2.3000E-02 2.3000E-02 7.66667E-03 5.75000E-03 4.6000E-03 
6 0.025 -2.4119E-06 3.6000E-08 3.6000E-08 3.6000E-08 3.6000E-02 3.6000E-02 3.6000E-02 1.20000E-02 9.00000E-03 7.2000E-03 
7 0.030 -2.2945E-06 5.1000E-08 5.1000E-08 5.1000E-08 5.1000E-02 5.1000E-02 5.1000E-02 1.70000E-02 1.27500E-02 1.0200E-02 
8 0.035 -2.1772E-06 7.0000E-08 7.0000E-08 7.0000E-08 7.0000E-02 7.0000E-02 7.0000E-02 2.33333E-02 1.75000E-02 1.4000E-02 
9 0.040 -2.0599E-06 9.1000E-08 9.1000E-08 9.1000E-08 9.1000E-02 9.1000E-02 9.1000E-02 3.03333E-02 2.27500E-02 1.8200E-02 
10 0.045 -1.9428E-06 1.1500E-07 1.1500E-07 1.1500E-07 1.1500E-01 1.1500E-01 1.1500E-01 3.83333E-02 2.87500E-02 2.3000E-02 
11 0.050 -1.8257E-06 1.4100E-07 1.4100E-07 1.4100E-07 1.4100E-01 1.4100E-01 1.4100E-01 4.70000E-02 3.52500E-02 2.8200E-02 
12 0.055 -1.7086E-06 1.7200E-07 1.7200E-07 1.7200E-07 1.7200E-01 1.7200E-01 1.7200E-01 5.73333E-02 4.30000E-02 3.4400E-02 
13 0.060 -1.5917E-06 2.0500E-07 2.0500E-07 2.0500E-07 2.0500E-01 2.0500E-01 2.0500E-01 6.83333E-02 5.12500E-02 4.1000E-02 
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14 0.065 -1.4748E-06 2.4100E-07 2.4100E-07 2.4100E-07 2.4100E-01 2.4100E-01 2.4100E-01 8.03333E-02 6.02500E-02 4.8200E-02 
15 0.070 -1.3580E-06 2.8100E-07 2.8100E-07 2.8100E-07 2.8100E-01 2.8100E-01 2.8100E-01 9.36667E-02 7.02500E-02 5.6200E-02 
16 0.075 -1.2413E-06 3.2700E-07 3.2700E-07 3.2700E-07 3.2700E-01 3.2700E-01 3.2700E-01 1.09000E-01 8.17500E-02 6.5400E-02 
17 0.080 -1.1246E-06 3.7500E-07 3.7500E-07 3.7500E-07 3.7500E-01 3.7500E-01 3.7500E-01 1.25000E-01 9.37500E-02 7.5000E-02 
18 0.085 -1.0081E-06 4.3000E-07 4.3000E-07 4.3000E-07 4.3000E-01 4.3000E-01 4.3000E-01 1.43333E-01 1.07500E-01 8.6000E-02 
19 0.090 -8.9158E-07 4.8260E-07 4.8260E-07 4.8260E-07 4.8260E-01 4.8260E-01 4.8260E-01 1.60867E-01 1.20650E-01 9.6520E-02 
20 0.095 -7.7516E-07 5.5320E-07 5.5320E-07 5.5320E-07 5.5320E-01 5.5320E-01 5.5320E-01 1.84400E-01 1.38300E-01 1.1064E-01 
21 0.100 -6.5882E-07 6.1340E-07 6.1340E-07 6.1340E-07 6.1340E-01 6.1340E-01 6.1340E-01 2.04467E-01 1.53350E-01 1.2268E-01 
22 0.105 -5.4255E-07 7.0310E-07 7.0310E-07 7.0310E-07 7.0310E-01 7.0310E-01 7.0310E-01 2.34367E-01 1.75775E-01 1.4062E-01 
23 0.110 -4.2635E-07 7.9280E-07 7.9280E-07 7.9280E-07 7.9280E-01 7.9280E-01 7.9280E-01 2.64267E-01 1.98200E-01 1.5856E-01 
24 0.115 -3.1024E-07 9.0930E-07 9.0930E-07 9.0930E-07 9.0930E-01 9.0930E-01 9.0930E-01 3.03100E-01 2.27325E-01 1.8186E-01 
25 0.120 -1.9419E-07 1.0326E-06 1.0326E-06 1.0326E-06 1.0326E+00 1.0326E+00 1.0326E+00 3.44200E-01 2.58150E-01 2.0652E-01 
26 0.125 -7.8225E-08 1.2267E-06 1.2267E-06 1.2267E-06 1.2267E+00 1.2267E+00 1.2267E+00 4.08900E-01 3.06675E-01 2.4534E-01 
27 0.130 3.7667E-08 2.9000E-06 3.9000E-06 4.9000E-06 2.9000E+00 3.9000E+00 4.9000E+00 9.66667E-01 9.75000E-01 9.8000E-01 
28 0.135 1.5348E-07 2.8920E-06 3.8920E-06 4.8920E-06 2.8920E+00 3.8920E+00 4.8920E+00 9.64000E-01 9.73000E-01 9.784E-01 
29 0.140 2.6922E-07 2.8830E-06 3.8830E-06 4.8830E-06 2.8830E+00 3.8830E+00 4.8830E+00 9.61000E-01 9.70750E-01 9.766E-01 
30 0.145 3.8489E-07 2.8750E-06 3.8750E-06 4.8750E-06 2.8750E+00 3.8750E+00 4.8750E+00 9.58333E-01 9.68750E-01 9.750E-01 










Effect of speed ratio, Rs on the TOCm and TOCmr  at different values of  b (µm). Conditions: ap = 4 μm and ap > b. 
 
 
TOCm (m)   at TOCm        (m)   at TOCmr (= TOCm/ap) at No. Speed 
ratio, 
Rs 
b =  1 m b =  1.5 m b = 2 m b =  1 m b =  1.5 m b = 2 m b =  1 m b =  1.5 m b = 2 m 
1 0.0 0.0000E+00 0.0000E+00 0.0000000 0.0000 0.0000E+00 0.00000 0.000000 0.0000E+00 0.000000
2 0.005 1.0000E-09 2.0000E-09 2.0000E-09 0.0010 2.0000E-03 0.00200 0.000250 5.00000E-04 0.000500
3 0.010 3.9000E-09 6.0000E-09 8.0000E-09 0.0039 6.0000E-03 0.00800 0.000975 1.50000E-03 0.002000
4 0.015 8.6000E-09 1.3000E-08 1.7000E-08 0.0086 1.3000E-02 0.01700 0.002150 3.25000E-03 0.004250
5 0.020 1.5300E-08 2.3000E-08 3.0000E-08 0.0153 2.3000E-02 0.03000 0.003825 5.75000E-03 0.007500
6 0.025 2.3800E-08 3.6000E-08 4.7000E-08 0.0238 3.6000E-02 0.04700 0.005950 9.00000E-03 0.011750
7 0.030 3.4100E-08 5.1000E-08 6.9000E-08 0.0341 5.1000E-02 0.06900 0.008525 1.27500E-02 0.017250
8 0.035 4.6400E-08 7.0000E-08 9.3000E-08 0.0464 7.0000E-02 0.09300 0.011600 1.75000E-02 0.023250
9 0.040 6.0500E-08 9.1000E-08 1.2100E-07 0.0605 9.1000E-02 0.12100 0.015125 2.27500E-02 0.030250
10 0.045 7.6600E-08 1.1500E-07 1.5400E-07 0.0766 1.1500E-01 0.15400 0.019150 2.87500E-02 0.038500
11 0.050 9.4500E-08 1.4100E-07 1.9000E-07 0.0945 1.4100E-01 0.19000 0.023625 3.52500E-02 0.047500
12 0.055 1.1450E-07 1.7200E-07 2.2900E-07 0.1145 1.7200E-01 0.22900 0.028625 4.30000E-02 0.057250




14 0.065 1.6080E-07 2.4100E-07 3.2200E-07 0.1608 2.4100E-01 0.32200 0.040200 6.02500E-02 0.080500
15 0.070 1.8820E-07 2.8100E-07 3.7700E-07 0.1882 2.8100E-01 0.37700 0.047050 7.02500E-02 0.094250
16 0.075 2.1740E-07 3.2700E-07 4.3600E-07 0.2174 3.2700E-01 0.43600 0.054350 8.17500E-02 0.109000
17 0.080 2.5050E-07 3.7500E-07 5.0000E-07 0.2505 3.7500E-01 0.50000 0.062625 9.37500E-02 0.125000
18 0.085 2.8930E-07 4.3000E-07 5.7400E-07 0.2893 4.3000E-01 0.57400 0.072325 1.07500E-01 0.143500
19 0.090 3.2500E-07 4.8260E-07 6.5200E-07 0.3250 4.8260E-01 0.65200 0.081250 1.20650E-01 0.163000
20 0.095 3.6500E-07 5.5320E-07 7.3600E-07 0.3650 5.5320E-01 0.73600 0.091250 1.38300E-01 0.184000
21 0.100 4.1600E-07 6.1340E-07 8.3100E-07 0.4160 6.1340E-01 0.83100 0.104000 1.53350E-01 0.207750
22 0.105 4.6960E-07 7.0310E-07 9.3540E-07 0.4696 7.0310E-01 0.93540 0.117400 1.75775E-01 0.233850
23 0.110 5.3390E-07 7.9280E-07 1.0722E-06 0.5339 7.9280E-01 1.07220 0.133475 1.98200E-01 0.268050
24 0.115 6.1000E-07 9.0930E-07 1.2211E-06 0.6100 9.0930E-01 1.22110 0.152500 2.27325E-01 0.305275
25 0.120 7.0130E-07 1.0326E-06 1.4061E-06 0.7013 1.0326E+00 1.40610 0.175325 2.58150E-01 0.351525
26 0.125 8.2350E-07 1.2267E-06 1.6663E-06 0.8235 1.2267E+00 1.66630 0.205875 3.06675E-01 0.416575
27 0.130 3.9327E-06 3.9000E-06 3.8660E-06 3.9327 3.9000E+00 3.86600 0.983175 9.75000E-01 0.966500
28 0.135 3.9280E-06 3.8920E-06 3.8560E-06 3.9280 3.8920E+00 3.85600 0.982000 9.73000E-01 0.964000
29 0.140 3.9231E-06 3.8830E-06 3.8460E-06 3.9231 3.8830E+00 3.84600 0.980775 9.70750E-01 0.961500
30 0.145 3.9181E-06 3.8750E-06 3.8360E-06 3.9181 3.8750E+00 3.83600 0.979525 9.68750E-01 0.959000































Fig. : Mirror surfaces generated (with ‘NUS’ reflection) from sintered WC (~ 15% 
Co, DOCcr ≈ 0.6 µm) by applying the UEVC technique  using (a) PCD; and (b) 
SCD tools for the same machining conditions: 4 µm DOC (i.e. ap), 3 µm/rev 
feed rate, 20 rpm spindle speed, a = 2 µm, b = µm, f = 38.87 kHz, Rs = 0.073 at 
34 mm dia and zero at center, TOCm: about 0.412 µm at 34 mm dia and 0 µm at 
the center. Tool conditions and achievements: (a) PCD tool (Sumitomo 
DA150), rn = 0.6 mm, Ra = 7.6 nm, Rz = 44 nm, VB = 34 µm; (b) SCD tool 
(NewD), rn = 1 mm, Ra = 4.6 nm, Rz = 28.4 nm, VB = 21 µm. (rake angle: 0o, 
clearance angle: 11o, workpiece dia.: 40 mm, machined dia.: 34 mm, and 
machined area ≈ 908 mm2, machining time: 283.33 mins).                    
 
(a) 
  34 mm 
  40 mm 
(b) 
  34 mm 
  40 mm Machined dia
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